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Abstract 
This study evaluates fast-growing woody species for phytoremediation, biomass production 
and community forestry on heavy metal contaminated brownfield sites in North West 
England. Field trials using Salix (5 taxa) Populus (2 hybrids), Alnus, Betula and Larix were 
established at six sites. Metal fluxes in plants and soils, productivity and mortality were 
measured over 3 years. 
The heterogeneity of contamination on brownfield land proved problematic when defining 
baseline data, despite comprehensive sampling and mapping. UK guidance inadequately 
defines baseline soil contamination and sampling was carried out to identify 1% hotspots. 
Pseudo-total, EDTA and CaC12 extractants were used to provide a guide to soil metal 
bioavailability. EDTA proved most effective overall, CaC12 provided low recoveries and 
poor analytical detection in many cases. 
Careful ground preparation, planting and stand management provided good rates of 
establishment of short-rotation coppice at the brownfield sites. Overall mortality rates were 
10% in the first year, rising to about 20% after 3 growing seasons. Willows survived better 
than poplar and productivity was higher. Biomass production varied with site and taxa, but 
yields from Salix were up to 13 odt ha-' yr-', making commercial use a serious consideration 
on 50% of sites. Alnus incana was also considered to be potentially valuable due to high 
yields. 
Phytoextraction of two of the more mobile metals may be feasible. Cd and Zn were 
accumulated consistently in stems and foliage of Salix and Populus; the latter generally 
exhibited lower uptake. Uptake by the other species was generally low, with some 
exceptions. Concentrations of Cd and Zn in soils, stem and foliar tissue were all correlated, 
which may allow less destructive sampling to estimate uptake of these elements into 
harvestable woody tissues. EDTA-extractable soil metal concentrations did not significantly 
111 
change over 3 years, despite substantial tree uptake. There was one exception, a significant 
decrease of soil concentrations of a range of metals was detected beneath Salii X 
calodendron (CAL; a likely hybrid of S. viminalis, S. caprea and S. cinerea). Together with 
S. burjatica Germany (GER), these taxa exhibited the ability to concentrate Cd and Zn. 
Stem uptake of Cd was 7-9 times (and foliage uptake was 9-13 times) higher than soil EDTA 
concentrations, even where soil concentrations of this metal were very low. These taxa had 
lower biomass yields and low mortality. Other taxa with increased yields and lower 
concentration factors were able to accumulate similar quantities of Zn and Cd on sites when 
using a mass balance model. 
Metal offtake from the plots by harvest was calculated, showing significant flux of metals to 
wood and foliage. Leaf fall accounted for loss of over 50% of net Zn uptake, and was 
highest in Populus, which has more foliage. Harvesting before leaf fall is critical if 
maximum metal extraction is required. Data were also extrapolated to over a 20-year crop 
lifecycle. Theoretically, SRC harvest could remove 5.5kg of Cd and 150kg Zn in 20 years, 
representing a reduction in soil concentrations of 100-150 ppm Zn and 6 ppm Cd. It is 
argued this may be particularly significant for Cd on brownfield land. 
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Glossary / Experimental Definitions 
This section should be used for reference in conjunction with textual descriptions. Site and 
species definitions and abbreviations are described fully in the text and summarised here. 
Study Specific Definitions 
Heavy Metal - Chemical notation defines them as `elements with an atomic density greater 
than 6 g/cm3. The term however, has become synonymous with elements that are potentially 
toxic in the environment. 
Taxa - Any named taxonomic group of any rank in the hierarchical classification of plants. 
In this study, taxa specifically refer to morphologically different varieties of Salix. 
Stem - refers to above ground woody parts of the tree, including bark 
Foliar / foliage - leaf and petiole material 
Wood / Bark - constituent parts of stem 
General Terms 
AAS - Atomic Absorption Spectrophotometery 
CLEA - Contaminated Land Exposure Assessment 
CRM - Certified Reference Material 
DEFRA - Department of the Environment, Food and Rural Affairs 
DGT - Diffuse Gradients in Thin Films 
EA - Environment Agency 
EDTA - Ethylenediaminetetraacetic Acid 
ICP-OES - Inductively Coupled Plasma Optical Emission Spectrometry 
ICRCI- -- Interdepartmental Committee on the Redevelopment of Contaminated Land 
JMU - Liverpool John Moores University 
ODT ha-' -- Oven dry tones per hectare 
PCA - Principal Component Analysis 
vi 
SGV - Soil Guideline Value 
SRC - Short Rotation Coppice 
UoL - University of Liverpool 
USEPA - United States Environmental Protection Agency 
Experimental Site abbreviations (refer to section 2.1 for a full description) 
COR - Deeside Steelworks (Corus) 
CRM - Cromdale Grove 
FAZ - Fazakerley Reed Bed Scheme 
KIR - Kirby Moss 
MER - Merton Bank 
SUG - Sugar Brook 
Experimental Species abbreviations (refer to section 3.3 for a full description) 
LAR - Larix x eurolepis 
BET - Betula pendula 
ALN - Alnus incana 
GHY - Poplus deltoides x nigra `Ghoy' 
TRI - Poplus trichocarpa `Trichobel' 
CAL - Salix caprea x cinerea x viminalis `Calodendron' 
ORM - Salix viminalis `Orm' 
CLS - Salix caprea x viminalis `Coles' 
GER - Salix burjatica `Germany' 
TOR - Salix vitninalis x schwerinni `Tors' 
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Chapter 1: INTRODUCTION 
1.1 Introduction 
The concept of phytoremediation is not new. In 1885 a paper was published noting the 
ability of green plants to concentrate and accumulate inorganic metallic elements (Baumann 
1885). In a present day context phytoremediation is generally defined as "The use of 
vegetation to contain, sequester, remove, or degrade organic and inorganic contaminants in 
soils, sediments, surface water, and groundwater" (Schnoor 1997). The increased problem 
of anthropogenic organic and inorganic pollutants within terrestrial and aquatic ecosystems 
has transformed a 19`'' century botanical curiosity into a remediation technology aimed at 
manipulating and ultimately reducing the effects of harmful contaminants in the 
environment. 
The background to, and rationale of, the present work examines the interactions of different 
tree species planted for phytoremediation on Brownfield sites contaminated with a range of 
heavy metals types at differing concentrations. It considers many characteristics of growing 
trees in such environments and discusses the wider concept and benefits of applying such 
schemes in a community forestry or commercial production context, within current 
legislation and statutory controls in the UK. 
Previous experiments have examined the phytoremediation potential of Salix (Willow) and 
other tree species in relation to heavy metal contamination, but have concentrated 
predominantly on pot, nursery or limited field experiments. Those that have taken place in 
the field have favored sites contaminated with heavy metals associated with sewage sludge, 
fertilizer residues, or their own unique soil chemical environments. This study aims to 
examine brownficld sites with a range of historical contamination sources created though 
different processes and timeframes. 
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1.2 Brownfield Land 
Brownfield land is a widely employed term applying to land that has previously been used in 
a productive context and now lies dormant with no perceived beneficial use. Definitions 
vary widely, and other terminology such as derelict land, vacant land and underused land are 
employed to refine descriptions of brownfield land, mainly for the benefit of statutory 
definitions. An important distinction is that not all brownfield land is contaminated and, 
conversely, not all contaminated land is classed as brownfield. Many contaminated sites 
may still be part of current industrial operations, parks, greenspaces or residential areas. 
In 2002 an Environment Agency report stated: 
"Brownfield and derelict sites, and even some greenfield sites, may be affected by 
contamination, and may, or may not, meet the statutory definition of contaminated 
land"(Environment Agency 2002). 
The point at which sites can be classed as contaminated depends on current UK statutory 
designation of contaminated land, however, many brownfield sites may contain 
contaminants at levels below the statutory definition, but still acting as a barrier for site 
development or re-use. One of the main reasons for the emergence of brownfield land is 
economic and structural change, with decline of traditional industries. In many cases such 
sites are usually accompanied by severe job losses, and a spiral of social and neighborhood 
decline (Grimski and Ferber 2001). This situation places a much higher emphasis on 
returning brownfield sites to a beneficial use, even as an interim solution. 
1.2.1 Regional Context 
In 2002 the Environment Agency estimated that North West England contained 6,930ha of 
derelict or vacant land, the second largest regional quantity in the United Kingdom. 
(Environment Agency 2002). 
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This figure is predominantly a result of the North West's heritage of heavy industry, such as 
chemical production and mining in the 19`h and 2 0`h Centuries that fueled the industrial 
revolution in the UK. Recently brownfield land has been generated by the subsequent cycle 
of urban sprawl and the dereliction that followed the demise of these large industries. 
Over time this socio-economic shift has created significant areas of brownfield land, much of 
which is located in urban areas, which expanded with associated industries and now most of 
which have long ceased production. Many sites, by the nature of their location also acted as 
formal and informal areas of industrial waste disposal and have an unknown pollution 
history as few records were kept of substances used or dumped. Irrespective of the actual 
contamination issues surrounding these sites, their location and perception are sufficient that 
there are very few drivers to either remediate or re-develop them. 
The concept of urban renaissance is therefore receiving renewed interest from national and 
local government. The transformation of post-industrial brownfield sites to soft end uses 
such as amenity land, parks or forestry is seen as critical in dealing with a range of urban 
problems relating to health, environment and social inclusion (Barton 2000). Although 
significant attention is still being given to the reuse of brownfield land for new homes or 
other commercial hard end uses, in areas such as the North West, there is neither the demand 
for homes in certain areas, nor the funds for redevelopment or remediation. 
Understanding the regulatory and statutory framework for such sites, as well as the physical 
site constraints will help to make sure that community forestry and similar soft end use 
schemes succeed in the long term. 
Comer 1- Introduction 
1.3 Contaminated Land 
In 2000 the UK received its first statutory definition of contaminated land under new 
legislation inserted into part IIA of the 1990 Environmental Protection Act; 
Contaminated land is defined at section 78A(2) as: 
"any land which appears to the local authority in whose area it is situated to be in 
such a condition, by reason of substances in, on or under the land, that - 
"(a) significant harm is being caused or there is a significant possibility of such harm 
being caused; or 
"(b) pollution of controlled waters is being, or is likely to be caused; ... " 
Further definitions of significant harm, and the significant possibility of significant harm to 
receptors are also defined. Receptors are listed as humans, ecosystems (classified as SSSI's 
or above), livestock or crops and buildings. Any receptors not included in this list are 
disregarded for the purposes of statutory definition. This means a clear pollution linkage 
pathway must be established from the source to one of the above receptors for the land to be 
deemed as contaminated. Site specific assessments must be made based on end uses for the 
site and potential exposure pathways. Sites comprising a sensitive land use, such as schools, 
housing or allotments maybe defined as contaminated as they have sensitive end uses and 
clearly defined receptors, but the same site used for a car park may not be classed as 
contaminated. 
This definition has several major repercussions as to how brownfield land is designated and 
subsequently used. Some brownfield land that contains contaminants will not be defined as 
contaminated as no suitable receptor will be impacted. Removing this stigma will not 
necessary remove the contamination and may actually hinder funding and momentum to 
clean up or re-use the land will be drastically reduced. 
Another interpretation would be to ensure that land does not become defined as 
contaminated by the introduction of rernediation schemes that \vill cause receptors to be open 
to contamination. In the case of tree planting for example, would trees provide a pathway 
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for metals to enter food chains or become more mobile in the soil, thereby introducing a 
contaminant transport pathway and potentially defining the site as contaminated? 
1.3.1 Estimates of the quantity of Contaminated Land 
Estimates of contaminated land in the UK are varied due to differing interpretations and 
applications of definitions, so should be viewed sceptically. In 2000 the Environment 
Agency estimated there was 50,000 to 200,000 ha of contaminated land in England. 
representing approximately 100,000 sites of which between 5,000 and 20,000 may require 
remediation based on unacceptable risks to human health and the environment (Environment 
Agency 2000). In 2002 a revised methodology assessed the number and area of sites 
previously used by industries that had the potential to cause contamination. In the North 
West this revealed 20,000 sites covering nearly 35,000ha that had been subjected to 
potentially contaminative processes (Environment Agency 2002). This was the highest 
regional number of sites in the United Kingdom. 
Although it is likely that only a small proportion of these sites will represent a direct danger 
to humans or the environment, it shows the large potential for contaminated sites based on 
the regions industrial heritage. 
1.3.2 Regulatory Control of Contaminated Land 
Assessment of contaminated land is now controlled by Contaminated Land Exposure 
Assessment (CLEA), a human health risk based system since that was introduced to 
compliment new statutory guidance (DEFRA and Environment Agency 2002a). Previous 
guidance used to describe if land was contaminated and therefore its suitability for a range of 
end uses, were concentrations specified by the Interdepartmental Committee on the 
Redevelopment of contaminated land (ICRCL 1987). These figures were designed to be used 
as guidance for hard end redevelopment and consisted of a series of trigger values and 
threshold limits, split into predominately zootoxic and phytotoxic elements, although 
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definitions also were noted for some organic compounds. Figures for metals Were in part 
derived from the use of sewage sludge in agriculture (McGrath 1994). 
It is a widely held claim that these (ICRCL) figures for the UK were `inadequate and... 
lacking entirely in relation to tree planting'(Dickinson et al. 2000), and ICRCL figures were 
never written into any UK statutory definitions. A variety of other national and international 
guidelines were historically used such as Kelly indices or the Dutch list, none of which had 
any statutory or risk based derivations. Consideration of the CLEA and ICRCL guidelines in 
relation to the remediation of contaminated brownfield sites is discussed at length in Chapter 
4. 
1.3.3 Defining and classifying Contaminated Land 
Site investigation is a basic requirement for quantification, remediation and risk assessment 
of contaminants, which in turn may affect any future uses of the land, especially where 
public access is required or when controlled waters or ecological receptors are impacted. 
Intrusive site investigations involving extensive soil or groundwater sampling and 
subsequent analysis are required to accurately assess spatial variability of contaminants. 
This may reveal important data otherwise masked by the descriptive statistics of desk studies 
and more restricted site investigations. 
Contaminant sampling on sites with poorly documented historic contamination is 
problematic in comparison to areas with better defined sources of pollution. If the 
contamination source were more readily identifiable, such as a leaking tank or surface water 
flow path, spatial patterns of contamination could be more readily quantified. It is easier to 
evaluate sites known to have been amended with sewage sludge, affected by atmospheric 
fallout from industrial stacks, or impacted by mining waste disposal. In these cases the 
footprint and direction of contamination is likely to be more clearly defined. Previous 
studies of contaminated sites and metal uptake by plants have focused on these types of sites 
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where the substrate is better defined and of a less heterogeneous nature. Issues surrounding 
investigating and mapping contamination are discussed in Chapter 4. 
1.4 Sources of Heavy Metal Pollution 
Metal pollution can be released into soils in large amounts via natural weathering processes 
of parent rock materials (Borovik 1989). Sedimentary rocks such as clay and shale contain 
higher quantities of metal ions from absorption (Brooks 1987). These rocks are faster 
weathering and soils formed upon them may have naturally elevated levels of heavy metals. 
Other natural sources of heavy metal input to the biosphere are from volcano eruptions and 
to a much lesser extent, forest fires. 
The main anthropogenic activities causing metal entry to soil and atmosphere are (Alloway 
1995b): 
0 Metalliferous mining, refining and smelting 
0 Agriculture and sewage sludge disposal 
0 Combustion of fossil fuels 
0 Metallurgical and specialist industries 
0 Disposal of waste material. 
Metal contaminants considered by these processes are Ag, As, Au, Cd, Co, Cr, Cu, Hg, Mn, 
Mo, Ni, Pb, Sb, Se and Zn. In terms of quantities released and distribution in the 
environment the most significant are Cd, Cu, Zn, Pb and Ni (Alloway 1995b). 
Their source of entry to ecosystems is dependant on use, for example via metalliferous 
aerosols from chimney stacks, from mining waste spoil heaps or disposal of contaminated 
waste materials. In many areas more than one source may be present, and a lack of accurate 
records concerning previous uses or wastes can make pinpointing sources difficult. 
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1.5 Heavy metals in the soil 
The conditions of the soil into which heavy metals have been deposited will have a 
substantial effect on their behaviour, fate and ultimately interaction with plant systems. 
Physical and chemical soil factors such as pH, organic matter concentration, nutritional 
status and particle size distribution will affect the behavior of metals present in the soil 
(Ernst 1996). The nature and chemical form of metal contaminants, the presence and 
concentration of other elements and abiotic factors such as weathering of minerals and 
groundwater hydrology will also affect contaminant behaviour. Further biotic influences 
such as the interaction of plant roots, soil bacteria and fungi and soil fauna such as 
earthworms or other macro invertebrates can affect soil contaminant behaviour. It is the vast 
number of physical, chemical and biological interactions that make modelling and predicting 
the availability, fate and transport of these metals within the soil-plant system complex. 
Soils may contain naturally derived heavy metals, or elevated concentrations due to 
anthropogenic inputs. Background levels of metals in soils in an undisturbed state and soils 
from urban environments have been well documented (Angelone and Bini 1992; McGrath 
and Loveland 1992; Dickinson et al. 2000; Kabata-Pendias 2001). 
The contaminants of concern to be investigated in this study are described below: 
1.5.1 Arsenic (As) 
Arsenic is primarily described as a metalloid, although its fate and behavior in soil is more 
akin to a non metal covalent compound, forming complex ionic species. Arsenic may occur 
naturally in many soils as a result of mineralisation and weathering processes (Mitchell and 
Barr 1995). Anthropogenic inputs of As may derive principally as a by product from the 
processing and extraction of ores such as copper. lead, tin and silver (Kavanagh 1997), 
atmospheric deposition from smelting, waste materials from the glass, tanning, electrical and 
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ceramics industry and use of agricultural pesticides or timber treatment chemicals (O'Neill 
1995). 
Arsenic may exist in the soil in either the +5 oxidation state, Arsenate As(V), typically found 
in normal aerated soil, or the 3+ valence state, Arsenite As(III) which is more stable and 
found under waterlogged or anoxic conditions. Typically 90% of dissolved As found in 
aerobic soils is found as As(V), although this can reduce to as little as 15% in waterlogged 
conditions in favour of the As(III) form (Wasay et al. 2000). Organic arsenic can also be 
present in soil, but inorganic forms are the most toxic (Pongratz 1998). Arsenic speciation 
will be influenced by pH and microbial activity, as well as the presence of clays, Fe and Al 
oxides and soil organic matter to which both As forms adhere. Arsenic is carcinogenic and 
genotoxic to humans via oral and inhalation routes (DEFRA and Environment Agency 
2002c). 
1.5.2 Cadmium (Cd) 
With the exception of a small number of carboniferous black shales, natural occurrence of 
Cd in the soil by mineral weathering processes is extremely low, typically less than 1 mg kg-' 
(Alloway 1995a). Anthropogenic sources consist of mining (as a by product from Zn 
smelting) and waste disposal activities, either of products containing cadmium such as 
batteries, plastics and galvanized metals or aerial deposition from smelting, burning fossil 
fuels and tyre ware (DEFR. A and Environment Agency 2002f). On agricultural, or former 
agricultural land, Cd contamination in soil occurs as a result of phosphate fertilizer use, 
where Cd is present in rock phosphates. This may be exacerbated by the use of sewage 
sludges on soils, which frequently contain high levels of Cd. Cadmium is most commonly 
found in the soil as free Cd2 ions and is therefore one of the most mobile heavy metals, 
although it may be adsorbed onto clay or mineral surfaces and adsorption increases with soil 
pH. Cd is primarily zootoxic and represents a risk to human health via oral and inhalation 
pathways. the latter representing and carcinogenic and genotoxic risk (DEFRA and 
Environment Agency 2002d). 
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1.5.3 Copper (Cu) 
Elevated Cu concentrations may be found in the soil surface as a result of smelter deposition 
or mining wastes. On agricultural land Cu inputs may originate from fertilizers, pesticide 
use, the use of sewage sludge, or litters and manures from animals fed with Cu compounds. 
Cu strongly associates with organic matter and is the primary source of its retention within 
the soil, but may also complex with Fe and Mn oxides and silicate clays. As an essential 
plant micronutrient Cu is utilized as an activator and also in some enzyme systems, although 
absorption into plants is among the lowest of plant essential elements. Increased quantities 
of Zn 2+ ions are antagonistic to Cu uptake as the mechanisms are thought to be similar. Cu 
in excessive concentrations is known to be phytotoxic. The main factor controlling Cu 
retention and mobility in the soil is the quantity of organic matter, Cu forms stable ligands 
with COO- groups in the solid and liquid phases of organic matter. This has been identified 
as the cause of Cu deficiencies, but also in the decrease of Cu toxicity in high organic matter 
soils (Baker and Senft 1995). 
1.5.4 Nickel (Ni) 
Nickel is present in many ores and ultramafic igneous rocks such as sulphates and silicates. 
Mean concentrations of Ni in soil were reported to be 20mg kg' (McGrath and Loveland 
1992). Nickel is commercially mined from sulphide and oxide ores and is commonplace in 
many metal alloys, platings, batteries and chemical catalysts. Atmospheric Ni deposition is 
via ore smelting or burning of fossil fuels including oil and diesel. Direct application of Ni 
to soils is primarily in the form of disposal of fly ash from coal fired power stations, 
followed by application of sewage sludges (DEFRA and Environment Agency 2002g). Ni is 
a transition element and is commonly found in soils as a divalent ion, Niz+. Ni(II) is stable 
under a range of p11 and redox soil situations and increased alkalinity causes Ni to form 
hydroxy complexes (McGrath 1995). pH is the most important factor for Ni distribution 
between soil and solution phases and for plant uptake (Kabata-Pendias 2001), although 
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binding of Ni to organic matter is also significant. Ni is recognized to be phytotoxic at 
concentrations from 10-100 mg kg' depending on plant species. 
1.5.5 Lead (Pb) 
Lead is a component of igneous rocks and forms sulphide ores. Soil is know to act as a sink 
for anthropogenic lead of which the primary sources are mining, smelting, sewage sludge 
and aerial deposition from vehicle exhausts (Davies 1995). Lead is used in batteries (60% of 
usage), metal products and historically in paints. In the late 1980's it was estimated that 
anthropogenic emissions of Pb were more than 20 times greater than natural emissions, far 
greater than any other trace metal (Nriagu 1989). Consequently atmospheric deposition is 
the major input into the biogeochemical cycle, especially in urban areas, although this was 
substantially reduced with the phasing out of lead in petroleum products (Watmough and 
Hutchinson 2004). Lead in soil occurs in Pb(II) and Pb (IV) oxidation states both of which 
are stable, and typically accumulates in the top of soil profiles (Davies 1995). Much is 
known about human health effects of increased exposure to lead which can result in reduced 
cognitive development in children and reduced sperm counts (DEFRA and Environment 
Agency 2002b). In soils with a pH range of 5.5 - 7.5 lead solubility is controlled by 
phosphate and carbonate precipitates thus very little is available to plants (Blaylock et al. 
1997). 
1.5.6 Zinc (Zn) 
Burning fossil fuels, metal smelting and sewage sludge are all anthropogenic sources of Zn. 
Zinc is extremely mobile and bioavailable in soil, existing predominantly as a divalent cation 
below pH 7.7 (Kiekens 1995) and is adsorbed mainly onto organic matter and clay minerals. 
Zinc commonly interacts with Phosphorus in the soil system, and high P may result in a 
decrease in Zn uptake and availability. Due to its high bioavailability plant tissue 
concentrations generally rise with zinc soil concentrations. 
Chayter I- Introduction 
1.6 Uptake of metals by plants 
Plants require mineral nutrition for optimum growth and metabolic activity. These can be 
grouped in essential macronutrients, essential micronutrients and those having only 
beneficial or restricted use. All plants require essential macronutrients; N, P, K, S. Ca and 
Mg in large quantities, typically 1000 mg kg-' or more dry weight. Essential micronutrients 
are limited to just 10 trace metals; Fe, Cu, Mn, Zn, Co, Mo, Ni, V, Na and Rb (Kieffer 1991) 
at concentrations equal to or less than 100 mg kg' dry weight (Mehra and Farago 1994). Al, 
Sn, Cr and Sr are recognised as being beneficial to plants. Elements such as As, Ag, Cd and 
Pb may be required at extremely low concentrations but generally serve no recognised 
biological function and can be toxic at higher concentrations. 
The mechanisms used to translocate and utilise nutrients are the products of several 
millennia of evolution. Such mechanisms are selective, acquiring some metals in preference 
to others. 
In order to solubilise and extract metal ions from the soil environment plant roots can modify 
the soil environment in several ways by exuding protons to change soil pH, or exuding other 
compounds such as amino acids and hydroxycarboxylic acids to complex trace metals 
(Cataldo et al. 1987). Soil biochemical activity in the rhizosphere, stimulated especially by 
carbon based plant root exudates, can mobilise metals though acidification and organic 
complexation (Pahlsson 1989). Conditions within the rhizosphere can therefore differ 
dramatically from the bulk soil component due to these rapidly changing and dynamic 
processes. 
Absorption of metals directly into the leaf can occur as a result of deliberate deposition (such 
as the use of fertilisers) or accidental deposition (such as anthropogenic aerosol sources). 
Species type, leaf age, cuticle thickness and position and nutritional status will all influence 
the rate of foliar absorption (Allowav 1995b). In many cases the waxy cuticle will prevent 
translocation into the leaf; especially in the case of Pb, and metals become bound into the 
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leaf surface. Metals in solution may penetrate the leaf directly though the stomata w-% here 
they can be transported to other parts of the tree via the phloem. Aerial deposition may also 
increase soil metal levels as they are washed down the trunk and accumulate in the soil 
around the base of the tree (Watmough and Dickinson 1995). 
1.6.1 Fate and distribution of metals in trees 
The fate of metals as they pass from the soil to plant system varies widely across species and 
metal type. Sycamore trees grown on contaminated soil showed the deposition of lead not 
retained within the roots was accumulating to the stem, whereas zinc tended to be found 
within the leaves (Turner and Dickinson 1993). Other studies have suggested that metals 
accumulate more rapidly in actively growing parts of the tree such as shoots and leaves. 
Riddell-Black (1994), grew four willow species on soil treated with repeated applications of 
sewage sludge and demonstrated higher concentrations of all metals in leaves then of those 
in the stem. Rosselli et al. (2003) grew Salix and Betula species on contaminated material to 
find significantly higher concentrations of Zn and Cd in leaves and shoot tissues than in the 
stems, similar findings were repeated with a related experiment using Salix in pot 
experiments by the same authors. Similar compartmentalisation patterns were also noted by 
Punshon and Dickinson (1997), where Cu and Pb accumulated predominantly within the 
stems, and Zn and Cd in the leaves, although considerable concentrations of Cd and Zn were 
also present within the stems. 
Ultrastructual studies conducted on plant material using transmission electron microscopy 
(Jarvis and Leung 2002), observed the distribution of both chelated and unchelated lead in 
Pinus species. Unchelated lead was found exclusively in cell walls of the roots, whereas 
lead chelated with EDTA was found in intracellular spaces and sites adjacent to cell walls in 
the needles, with no apparent effect on the morphology of intracellular components. 
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1.7 Inducing changes via plants in the soil metal bioavailability 
Section 1.6 discusses the ability of some plants to manipulate soil metal availability through 
exudation of hydrogen ions or other compounds. This manipulation may increase metals 
available for plant uptake, or reduce metal mobility and thus migration either off site or into 
plant tissue depending on the remediation strategy desired, eg: phytoextraction or 
phytostabilisation. 
Nissen et al. (2000) used synthetic zeolites to amend a sewage sludge based compost and 
found that labile pools of zinc were significantly reduced, so was soil to plant transfer and 
proved as effective as using larger quantities of lime as an amendment. Chen et al. (2000) 
conducted similar experiments on rural Cd and Pb contaminated soils. The use of Calcium 
Carbonate, Manganese Oxide and Zeolite, reduced Cd and Pb availability in soils and 
significantly reduced uptake into wheat shoots compared to controls. 
A different strategy can be adopted in order to increase metal availability for remediation 
methods such as phytoextraction, especially for metals such as Pb and Cd, where uptake 
rates may be low. This is especially true of lead, a ubiquitous contaminant in environments, 
with a low bioavailability in the soil and a poor ability to transport lead from roots to shoots. 
Blaylock et al. (1997) used EDTA to enhance the availability of Pb to Indian Mustard 
(Brassicajuncea), resulting in concentrations of 1.5% Pb in the shoots. Similar results were 
obtained by Huang et al. (1997) using almost identical methodologies. 
In laboratory tests, Lim et al. (2004), augmented soil EDTA addition by applying electric 
currents to soil surrounding plants to further increase extraction using Brassicajuncea by a 
factor of 2-4 compared to using EDTA alone, although such systems may have limited use in 
field applications. Lai and Chen (2004) concluded the plant Dianthus chinensis increased Pb 
uptakc from a soil amended with EDTA. although soils in this trial were artificially 
contaminated and represent a poor field comparison. 
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Robinson et al. (2000) used EDTA, DTPA and NTA in a pot experiment to increase Cd 
availability to Populus, although the use of EDTA and NTA led to a reduction in growth and 
abscission of leaves. 
Consideration of soil conditions and potential leaching of mobilised metals to a wider 
environment must be made when applying chelating substances, and similar drawbacks to 
this technique do exist. Increased rainfall may lead to faster leaching into the environment 
and EDTA addition may cause leaching of essential macronutrients such as Fe from the soil. 
The resulting poor plant growth and therefore uptake will further risk contaminated leachate 
migrating to groundwater (Wu et al. 2004). Implementation at a field scale must minimise 
leaching and the application of more than 1 g/kg EDTA may become inefficient as lead 
concentration in crops was not enhanced and leaching rate increased (Schmidt 2003). A 
recent, comprehensive review of assisted extraction technologies is presented by Schmidt 
(2003). 
1.7.1 Alternative mechanisms of altering soil metal bioavailability 
Mycorrhizae 
There is a general assumption that many plant species will develop mycorrhizae under 
natural field conditions. These associations have evolved to increase the supply of nutrients 
to the plant, but may also allow the increased absorption of heavy metal ions into the roots 
by increasing their availability within the soil through phytochelators (Khan et a!. 2000). 
Mycorhizal associations can also contribute to phytoremediation by inducing increased 
bacterial activity in the rhizosphere to stimulate degradation of organic products (Meharg 
and Cairney 2000), or to increase metal tolerance of trees and protect them from toxicity 
(Wilkinson and Dickinson 1994; Van Tichelen et al. 2001; Martino et al. 2003). 
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Soil Fauna 
Soil organisms such as earthworms and soil bacteria can also influence soil metal 
concentrations and availability. Ireland (1975), found that Dendrobaena rubida altered the 
solubility of Pb, Zn and Ca in reclaimed Welsh mining spoils, with a 50% increase in 
availability of water-soluble Pb in faeces. Devliegher and Verstraete (1996,1997) found that 
copper, chromium and cobalt availability were raised by between 6-30% in the soil by the 
earthworm Lumbricus terrestris. Ma et al. (2003) discovered the earthworm Pheretima 
guillelmi was able to increase metal and nutrient availability in soils containing Pb and Zn 
mine tailings, consequently increasing metal uptake into plants and improving conditions for 
phytoextraction. Other studies have demonstrated that earthworms can survive at high 
concentrations of metal contaminated soils (Langdon et al. 1999; Langdon et al. 2001). Soil 
invertebrates such as earthworms improve physical soil structure and fertility by increasing 
organic matter and reducing compaction, problems frequently encountered on brownfield 
sites. 
1.7.2 Effects of Metals on trees 
Once inside plant cells heavy metals can inhibit the growth and reproduction of plants in a 
number of ways. In general heavy metals can seriously disrupt many physiological 
processes due to their ability to bind strongly to enzymes and induce deficiencies by 
substituting for essential metals on metalloproteins (Van Assche and Clijsters 1990). The 
most pronounced damage may be in root systems where metals are first encountered and 
take the form of elongation or biomass reduction. 
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1.8 Phytoremediation 
Traditional decontamination of heavy metal polluted soils frequently involves 
immobilization, chemical treatment or removal of large quantities of soil material. These 
techniques are costly, impractical for certain sites and in most cases unsustainable with 
contaminated material excavated and removed to landfill sites. Such practices will become 
considerably more expensive and prohibitive after the introduction of EU landfill directive 
legislation to the UK in July 2004 (IEMA 2004). In addition `dig and dump' methods for 
contaminated soil treatment cause considerable degradation of the soil ecosystem, as soil 
biological activity is removed as new inert soil or fill material is imported. Other biological 
remediation methods such as the use of bacterial degradation in bioremediation and natural 
attenuation, are more suited to organic contaminants and have very limited uses for the 
remediation of heavy metal contaminated soil. 
Phytoremediation can be defined as "The use of vegetation to contain, sequester, remove, or 
degrade organic and inorganic contaminants in soils, sediments, surface water, and 
groundwater". Such techniques offer a considerably lower cost, in situ and unobtrusive 
remediation option. It is possible to subdivide phytoremediation process based on their 
modes of action, media in which they can be used and contaminants effected. This is shown 
in Table 1.1. 
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Table 1.1. Phytoremediation processes (adapted from (Schnoor 199 'J) 
Application Media Contaminants 
Phytotransformation Soil, Groundwater, " Herbicides 
(including phytovoltalisation) Landfill leachate, " Aromatic (BTEX) 
Wastewater (land " Chlorinated 
application) " Nutrients (NO3, NH4) 
" Ammunition wastes 
Rhizosphere Soil, Sediments " Organic Contaminants (e. g. 
Bioremediation Wastewater (land pesticides, aromatics, 
(phytostimulation) application) PAH's) 
Phytostabilisation Soil and Sediments " Metals (Pb, Cd, Zn, As, Cu, 
Cr, Se, U) 
" Hydrophobic organics 
(PAH, PCB's, PCP's DDT) 
Phytoextraction Soil, Brownfields, " Metals (Pb, Cd, Zn, Ni, Cu) 
(Phytoaccumulation) Sediments 
Rhizofiltration Groundwater, Wastewater " Metals (Pb, Zn, Ni, Cu) 
in lagoons and created " Radionuclides 
wetlands " Hydrophobic organics 
Phytotransformation (inc. Phytovolatilisation) 
The uptake of organic and nutrient contaminants from soil and groundwater and 
transformation by plants. The most common form is phytovolatilisation where chemicals are 
released to atmosphere through plant transpiration. 
Rhizosphere Bioremediation (Phytostimulation) 
Bacteria and rnycorrhizal fungi that are able to metabolise contaminants are increased within 
root zones of certain plant species. Plant root exudates, enzymes and a build up of organic 
carbon increase microbial populations and thus degradation rates. Oxygen is available at the 
rhizosphere ensuring aerobic transformations. 
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Phytostabilisation 
Contaminated soils and sediments are held in place by vegetation, immobilising 
contaminants within the soil. Vegetation prevents removal of contaminants in topsoil via 
windblow and may also be used to control leaching of contaminants to groundwater via plant 
transpiration streams. 
Phytoextraction 
The use of metal accumulating plants to translocate and concentrate metals from 
contaminated soils or waters into above ground plant biomass such as shoots, bark or leaves. 
Metals must be bioavailable for the process to be effective. 
Rhizofiltration 
Plant roots are used to concentrate and precipitate metal contaminants from surface or 
groundwater. 
Summary 
Unlike organic contaminants, heavy metals cannot be degraded or destroyed. The processes 
of phytoextraction (phytoaccumulation), phytostabilisation and potentially 
phytotransformation (phytovolatilisation) are therefore the most relevant to the remediation 
of heavy metal contaminated land (USEPA 1998). 
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1.8.1 Hyperaccumulation 
Considerable interest has been shown in plants that are able to accumulate metals at very 
high concentrations from metal contaminated soils. Defined as hyperaccumulators they are 
able to retain metal concentrations an order of magnitude, or 0.1% in dried leaves, greater 
than normal species growing on similar sites in their natural habitats (Reeves 1992). This 
criterion was considered appropriate for Cu and Pb, although for Zn a criterion for 1% in 
dried material was suggested due to increased background concentrations (Reeves and 
Brooks 1983). 
These traits have, as at the year 2000, been identified in 417 taxa spanning 80 families, as 
summarised in Table 1.2 
Table 1.2. Number of metal hvperaccumulating plants from Baker et al. (2000) 
Metal 
Criterion (% in leaf 
dry matter 
No of Taxa No of families 
Cadmium >0.01 1 1 
Cobalt >0.1 28 11 
Copper >0.1 37 15 
Lead >0.1 14 6 
Manganese >1.0 9 5 
Nickel >0.1 317 37 
Zinc >1.0 11 5 
Distribution of Ni hyperaccumulators correlate strongly with areas with soils derived from 
ultramafic rocks, typically containing 0.1 - 1% Ni. A common zinc hyperaccumulator, 
Thlaspi caerulescens, can actively seek zinc containing materials on heterogeneously 
contaminated 
land (Haines 2002) and accumulates metals without the aid of root exudates to 
enhance mobilization of metals in the soil (Zhao et al. 2001). 
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Absent from Table 1.2 is Arsenic. Recent discoveries of a potential Arsenic 
hyperaccumulator were noted in 2001 when the fern Pteris vittata L. was observed to 
accumulate As into plant biomass (Ma et al. 2001). Many avenues of additional research 
ensued, for example to examine metal speciation within the plant (Zhang et al. 2002), 
rhizosphere interactions (Fitz et al. 2003) and spatial distribution (Bondada et al. 2002). All 
these studies concluded that the fern held excellent hyperaccumulation prospects, with recent 
work stating that using it to clean up a US contaminated `superfund site' to safe levels (40 
mg. kg-' As) could take just 8 years (Salido et al. 2003). Pityrogramma calomelanos shares 
similar characteristics with Pteris vittata, and can also accumulate large concentrations of As 
into the above ground fronds recorded at 8350 mg kg' As dry mass (Francesconi et al. 
2002). 
Hyperaccumulators can remove metals from low and high soil concentrations and in many 
cases above ground plant biomass concentrations exceed those in the roots. Several theories 
for this trait have been postulated, such as protection of perennial root systems, a mechanism 
of excreting metal from plant systems through leaf fall or acting as a defense mechanism to 
fungal and insect attack (Pollard and Baker 1997). 
1.8.2 Use of hyperaccumulators in phytoremediation 
The scope for using hyperaccumulators to effect biological clean up has been recognised for 
20 years (Chaney 1983), and more recently within the scope of phytomining (Anderson et al. 
1999). However, hyperaccumulator plants usually grow to a relatively small biomass, 
naturally limiting any potential metal uptake. Considerable variation can exist in natural 
populations and growth may be increased with nutrient addition. The geographical 
distribution of many plants is restricted and population sizes are small, for example nearly all 
Cu hvperaccumulators are confined to the Democratic republic of Congo and northwest 
Zambia (Baker cl al. 2000). 
Chanter I- Introduction 21 
It may be possible to combine hyperaccumulation with increased biomass, for example in the 
tall herb Berkheya coddii, but the geographical range in this case is still limited to South 
Africa (Robinson et al. 1997), and in many cases it is still necessary to use soil amendments 
and chelators to improve uptake rate and quantities (Robinson et al. 1999). Further studies 
have investigated the extraction of metal from the wood of these plants for re-use (le Clercq 
et al. 2001). 
Considerable research into hyperaccumulators is proceeding on a genetic and bioengineering 
foundation (Dushenkov et al. 2002), with the notion of introducing a hyperaccumulator 
genetic trait into a high biomass producer such as Miscanthus (Arthur et al. 2000). 
1.8.3 Use of Transgenic plants in Phytoremediation 
Developments in genetic modification (GM) of plants may offer an attractive route to 
improve phytoremediation potential. Ideal plant properties for phytoextraction are high 
biomass and metal uptake with a rapid growth rate and tolerance to heavy metals. 
Phytoremediation processes may also be enhanced by either inducing over production of 
plant produced chelates to increase metal availability in the soil, or increased production of 
metal transporter proteins (Pilon-Smits and Pilon 2002). Other potential genetic 
mechanisms for exploitation include introduction of bacterial degradation pathways, a 
technique that has been successful in improving Hg volatilisation and tolerance (Pilon-Smits 
and Pilon 2000; Ruiz et al. 2003), and is being investigated with a view to insertion into 
Salix- and Populus species (Rugh 2000). 
Research in this area is widespread, with genetically enhanced phytoremediation of 
Selenium (Berken et al. 2002), Lead (Gisbert et al. 2003), Arsenic (nhankher et al. 2002). 
Zinc and Cadmium (Klein et al. 2002) all being actively researched. This complex subject is 
beyond the scope of this study. but excellent reviews on the genetic basis of 
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hyperaccumulation in plants (Pollard et al. 2002), genetic metal tolerance in plants (Macnair 
1993) and the use of transgenic plants in phytoremediation (Pilon-Smits and Pilon 2002), are 
available. Although it may be possible over time, to successfully introduce a GM plant able 
to remediate metal contaminated soil effectively, there are many obstacles to overcome in 
terms of risk assessment and public uncertainty surrounding GM based phytoremediation 
(Wolfe and Bjornstad 2002) given the wider global debate on the use of GMO's. 
1.9 Willows 
1.9.1 Background and uses of Salix 
Salix have long been recognised as a pioneer species for a wide range of ecosystems 
(Sommerville 1992). The ability of taxa such as Salix caprea and Salix cinerea to exploit 
unusually harsh environments, such as nutrient poor mine spoil sites (Eltrop et al. 1991); 
(Kahle 1993) has led to the use of Saliz in ecological restoration situations such as 
community forestry, bank and slope stabilisation or production of natural screens. Salix 
possesses other attributes that make them desirable in reclamation and specifically 
bioremediation situations, such as rapid growth and the ability to produce a large amount of 
biomass with a range of end uses. The predisposition for considerable morphological and 
ecological variation within the genus is valuable, and use of Salix as a remediation tool is a 
natural progression. 
Coppicing of Salix to utilise the wood product is a practice dating to the earliest civilisations. 
It has been grown commercially for 20 years in Scandinavia as a biofuel (Rosenqvist et al. 
2000) using specially bred biomass clones. Recent changes in UK agricultural practice, in 
tandem with a review on sustainable energy policy has made short rotation willow coppice a 
potential viable crop for renewable energy generation via biomass and co-combustion power 
generation facilities. This topic is discussed in detail in Chapters 6 and 7. 
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1.9.2 Phytoremediation possibilities of Salix 
The use of Salix, and to a lesser extent poplar, for the remediation of heavy metal 
contaminated land has been developed for the past 15 years. The majority of research 
currently underway can be broadly categorised into five differing scenarios based on the 
substrate(s) requiring remediation, specifically: 
9 Wastewater 
9 Sewage sludge 
0 Agricultural land contaminated by fertilizer residue 
" Sediments 
0 Brownfield and other heavy metal contaminated soils 
In addition a considerable amount of work has been conducted to examine the 
phytoremediation potential of Salix in glasshouse conditions using hydroponic studies. 
Wastewater 
The use of Salix for phytoremediation began in the late 1980's and early 1990's as a by 
product of research into increasing yields of these trees using nutrient rich sewage sludges 
and waste waters that were also high in heavy metals. Perttu (1993) suggested SRC could be 
used as vegetation filters, utilizing nutrients in sewage sludge and wastewater when applied 
to SRC plantations. The increased nutrient demands of some fast growing willow taxa 
proved useful in removing high nutrients concentrations found in wastewaters. Based on a 
high water demand in the root system this would lower nutrient leaching into the 
surrounding environment (Sander and Ericsson 1998). Experiments conducted in a 
hydroponic system screened I; Salix taxi for nutrient uptake efficiency, concluding that 
viminalis 'Gigantia' would be most effective for effluent remediation due to high 
and P uptake and high biomass productivity (Alleer et al. 1997). The high water demand of 
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many SRC species may also allow an element of hydraulic control, for example to control a 
polluted groundwater plume. 
Sewage Sludge 
The utilisation of sewage sludge and other contaminated waters revealed that certain taxa of 
Salix possessed the ability to concentrate heavy metals within their biomass. The use of 
sewage sludge was proposed as a replacement for costly artificial fertilizers (Landberg and 
Greger 1994) and the concept of using the sludge as a fertilizer to improve commercial 
biomass whilst the same time charging for waste disposal was recently investigated (Bardos 
et al. 1999). 
Riddell-Black (1994) investigated four Salix taxa planted on land that had received 
continued application of sewage sludge for 50 years, with heavy metal concentrations 
elevated above those normally permitted. Although all taxa accumulated metals to varying 
degrees within the above ground biomass, it was calculated that 126 years would be needed 
for reduction to target levels for the highest concentrated element, Cadmium. A similar 
study was expanded to examine twenty Salix taxa, planted on land with elevated metals from 
sewage sludge application (Riddell-Black et al. 1997). This study showed considerable 
variation in uptake by different taxa, suggesting it may be possible to screen for 
accumulating and non-accumulating taxa to satisfy differing remediation requirements, such 
as stabilization or extraction. The study also concluded that uptake of Cd and Zn did not 
limit yield, whereas yield was limited in taxa that were able to accumulate Cu and Ni. 
Further analysis of this experiment published by Pulford et al. (2002), stressed the 
importance of considering biomass yield alongside metal uptake characteristics if ultimately 
attempting a reduction in soil metal concentrations. The study also considered the effect 
trees could exert on metal mobility in the surrounding soil, showing that soil EDTA- 
extractable Cd, Cu, Ni and Zn increased under areas planted with trees compared to those 
left unplanted. Another conclusion from the study reinforced statements previously made by 
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Ernst (1996), that this form of remediation may be suitable for the `polishing' of sites that 
were only slightly contaminated. 
Agricultural / Fertiliser 
High concentrations of contaminants such as Cadmium are frequently found in agricultural 
land where sustained use of fertilizers has introduced Cd to the soil as a by product. 
Farmland across Sweden contains elevated concentrations of Cd in the topsoil (Ostman 
1994). It is undecided if the ability of Salix to accumulate Cd is beneficial as a remediation 
tool, or problematic when trying to produce a biomass crop (Perttu 2002). Other authors 
take a different view, claiming that Salix can be used effectively as a remediation tool for 
cadmium in order to prevent Cd transfer into other arable crops that may be for human 
consumption (Berndes et al. 2004). 
Sediments 
Planting willow on contaminated sediments and dredgings has been investigated for the 
remediation of organic and inorganic contaminants. Sediments can retain a variety of 
different contaminants that may not degrade under reduced conditions. Willows are able to 
exploit waterlogged ground conditions and planting is possible on difficult substrates using 
the SALIMAT system (Vervaeke et al. 2001). Salix planted in this way on a dredged river 
sediment were able to effect a 57% reduction in mineral oil and accumulated Cd and Zn in 
their biomass (Vervaeke et al. 2003), calculating that it would take 33 years or 11 successive 
rotations to reduce Cd concentrations to 2 mg kg-', the Flemish standard for use of dredged 
sediment as soil. Of considerable interest, was the use of Salix as a stabilization tool, to 
ensure an element of physical stability and reduction of leaching through hydraulic control. 
Vandecasteele et al. (2002) observed Salix taxa that had naturally colonized sediment 
landfills, not those bred for biomass purposes, and suggested a possible threat from habitat 
development of trees that accumulated quantities of Cd and Zn due to trophic transfer. 
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Brownfield Land 
Relatively few studies have been made in comparison of the use of willow to remediate other 
types of land, particularly soils with relatively low levels of contamination from a variety of 
anthropogenic sources and distributions. Many studies on brownfield land to date have used 
amendments such as sewage sludge, or have been based on mine spoil and other similar 
sites. 
Hydroponics 
Many field and pot studies were preceded by observing the uptake potential of willow in 
hydroponic culture. This technique has been used extensively to examine uptake rates and 
tolerance indices in a controlled environment. Increased shoot metal concentrations are 
found when plants are grown in hydroponics compared to field grown plants, but it appears 
that clones with higher rates of metal transfer to shoots can be readily identified using 
hydroponics (Greger and Landberg 1999; Pulford and Watson 2003). It has recently been 
used as relatively quick and effective screening tool for the potential use of Salix taxa in the 
environment (Watson et al. 2003). This study also examined the comparison between uptake 
data achieved in hydroponic conditions and that achieved for the same taxa grown in the 
field. 
Salix has also been investigated for radionucleide uptake, with specific aims of changing 
land uses to biomass production after localized radioactive contamination, such as Caesium 
(Gommers et al. 2000; Goor et al. 2001). In the case of the former experiment radionucleide 
transfer into the wood was low, indicating the potential use as a crop for radionucleide 
impacted farmlands where the growth of other plants for human consumption may no longer 
be safc. 
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1.10 Poplars 
The use of poplars in remediation follow a similar pattern to Salix and have shown an 
affinity for nutrient immobilization (Berthelot et al. 2000). Populus has received 
considerable attention in the phytoremediation of organic contaminants (Burken and Schnoor 
1998). Hybrid poplars have been used to remediate organic contaminants such as High 
Explosives, (Yoon et al. 2002); TCE, (Newman et al. 1997; Shang and Gordon 2002); 
Petrochemicals, (Rentz et al. 2003) and Atrazine (Burken and Schnoor 1997). Much less 
consideration however has been given to their use to remediate heavy metal contaminated 
soil. 
Moffat et al. (2001) tested several Populus taxa, on treatments of sewage sludge with and 
without irrigation, resulting in average stem concentrations of Cd, 6.6, Zn, 51, Cu, 5.5 (all 
values mg kg-'). Foliar data was not presented but Zn and Cu were significantly elevated. 
Sebastiani et al. (2004) conducted pot trials of two Populus taxa amended with organic 
industrial waste with elevated Zn and Cr. After one year Zn concentrations reached 300 mg 
kg-' in foliage, 80mg kg-' in stem and 100 mg kg-' in roots. Cu and Cr were not significantly 
elevated, although Cu uptake into roots was 5-6 times higher than maximum stem uptake. 
Di Baccio et al. (2003) conducted similar experiments in pots spiked with a Zn solution. At 
the maximum Zn concentrations (1000µM), leaves accumulated 160 mg kg-', stem 60 mg 
kg-' and roots 90 mg kg'. Other studies have shown it is possible for Poplar to accumulate 
Cd (Robinson et al. 2000), but this involved the use of chelating agents to improve Cd 
availability to poplars and had undesirable side effects such as growth reduction and leaf 
abscission. 
Poplar has received recent attention in the UK in a silvercultural context. New high yielding 
Belgian hybrids have been grown successfully in the UK with good commercial yields. This 
has been coupled with the renewed interest in traditional lowland forestry and UK 
agricultural land reform (Tabbush and Beaton 1998; Tabbush and Lonsdalc 1999). 
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1.10.1 Phytoremediation properties of other tree species 
Other tree species have been planted on brownfield or contaminated land because of 
physiological factors that make them suitable for planting on hostile substrates; such as deep 
rooting ability, drought tolerance or metal resistance. Betula pendula is well documented to 
be able to tolerate increased levels of heavy metals, and is a hardy pioneer species (Utriainen 
et al. 1997; Kozlov et al. 2000). Goransson and Philippot (1994) examined the use of 
Betula pendula as a `metal collector' in relation to cadmium uptake and found almost 100% 
of Cd added via amendments was subsequently found in tree seedlings. 
Alnus incana is a popular choice in forestry based restoration due to its nitrogen fixing 
properties and ability to survive on poor quality soils (Moffat and McNeill 1992; Moffat 
2000). Loblolly Pine (Pinus taeda) seedlings were grown in sewage sludge by Berry (1985) 
to evaluate the usefulness of sewage sludge as a nutrient source, indicating that 
ectomycorrhizal production was reduced and metal uptake into the trees was not significant. 
Eucalyptus (Pyatt 2001; Bhati and Singh 2003) and Miscanthus (Wilkins 1997) are other 
species that have also been examined for their phytoremediation potential, but are not 
discussed further in this study. 
1.11 Disposal Technologies 
If phytoextraction is to be a successful remediation option then careful consideration must be 
given to the processing and ultimate disposal of plant material that may contain high levels 
of heavy metals. This critical step in successful remediation is frequently overlooked. 
Garbisu and Alkorta (2001), Mulligan et al. (2001) and Sas-Nowosielska et al. (2004) 
present a review of specific technologies and examine the current technology status. This 
topic is discussed in more detail in Chapter 7. 
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1.12 Planting trees on derelict land 
Forestry is a valuable tool for reclaiming large areas of landscape obliterated by industrial or 
other destructive processes (Perry and Handley 2000). The advent of community forestry 
and urban greening to reclaim brownfield sites has reinforced this concept. The Mersey 
Forest realised that to meet its ambitious planting targets it must increase planting on derelict 
land (Mersey Forest 1999b). Recently soft end development of brownfield sites has been the 
preferred option of regional development agencies keen to encourage low cost and high 
social value schemes. The Newlands project in the North West will spend £23 million 
pounds redeveloping 435ha of derelict and brownfield land using forestry (NWDA 2003). 
However, tree establishment can encounter many obstacles resulting from the nature of the 
land used for planting, which can apply equally to amenity restoration, biomass forestry or 
phytoremediation schemes. The nature of brownfield sites is implicitly varied from ex- 
agricultural land to highly toxic bare mining wastes, but the same minimum soil 
requirements are necessary for trees to survive and establish. 
Moffat and McNeil (1994) produced the first practical integrated guidance, based on 
research carried out in the previous 30 years, for establishing trees on derelict land. Later 
guidance and research was aimed at specific land types such as landfill (Dobson and Moffat 
1993,1995, Mersey Forest 1999b), former mineworkings and colliery sites (Bradshaw 1997; 
Bending and Moffat 1999), and contaminated land, (Dickinson 2000; Dickinson et al. 2000; 
Pulford and Watson 2003) although there is considerable overlap in many of these examples. 
The most rcccnt tool for assessing if tree planting is viable on a range of land types is 
presented in a software package and decision support tool, Roots (Forestry Commission 
'1003). Guidance now calls for a careful appraisal of a number of site factors before tree 
planting can be sanctioned. These considerations will not only apply to soils already present 
on a site, but also frequently to soil forming materials where it is necessary to create an 
organic substrate where one may have not existed previously. These materials many already 
Chapter I- Introduction 30 
be present on derelict sites in the form of spoil or overburden, in some cases they may 
represent the majority of the soil material (Bending et al. 1999). 
Common criteria to consider when establishing trees on brownfield land are: 
" Soil Bulk Density and Permeability 
" Soil Depth 
9 Cultivation and Placement 
9 pH 
0 Electrical Conductivity 
" Soil Pyrite Content 
0 Contaminants (inc organic, inorganic, wastes, methane, CO2 etc. ) 
Soil contamination is only one issue in a variety of factors that will affect tree planting. Soil 
compaction is a serious problem on brownfield sites, resulting in poor tree rooting, stability 
and nutrient supply (Hutchings et al. 2001) and the depth of soil used for planting will have a 
profound effect on tree survival (Moffatt 1995). There is a strong driver to use forestry as a 
soft end use for contaminated sites as it requires less stringent clean up goals although must 
be conducted in a predictive risk based framework (Hutchings 2002). 
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1.13 The use of forestry as a soft end use for land reclamation -a multi 
functional approach 
The use of forestry to reclaim derelict and contaminated land has many environmental, social 
and economic benefits. It is often the case that communities blighted by dereliction are 
trapped in spiral of decline. Ward (1996) commented, "successful regeneration of whole 
areas... physical and psychological, can depend on improvements to the local environment". 
Global trends and changes in economic land use have left large quantities of contaminated 
land in close proximity to people, and frequently in areas that already suffer a degree of 
social problems and deprivation (Barton 2000). 
Ward (1996) also suggested three broad approaches for using trees on disturbed land. The 
Forestry approach; driven by economics, slow results and easy management, the landscape 
approach; not commercially viable and requiring more intervention and the ecological 
approach; low cost, low input, natural processes. Perry and Handley (2000) expanded this 
concept to include the important factors of recreation, in the form of community forests and 
improving local environments either though improving atmospheric conditions (Freer-Smith 
et al. 1997. ), or though overall soil improvement by the action of growing trees. The 
National Urban Forestry Unit had suggested many of these approaches in 1992, but it would 
take time for the wider reclamation community to accept it was actually possible. It may 
now be possible to add an element of risk management as a further approach to planting trees 
on derelict land. 
New schemes are being advocated to use Short Rotation Coppice (SRC) not only for 
environmental regeneration, through phytoremediation, but also for social regeneration. 
Paulson et al. (200 3) discusses the considerable benefits of SRC remediation schemes to the 
intermediate labour market. delivering sustainable outcomes and outputs such as local 
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employment, neighborhood renewal, community health and a recreational or leisure 
resource. 
Tree planting for economic return is a core industry. Steer (1997) conducted experiments 
comparing the yields of poplar, willow and alder grown on ex-agricultural land to those 
grown on reclaimed coal tips. Organic amendments were used on the former coal tips to 
improve organic matter content and increase tree growth. Bardos et al. (1999) and exSite 
Research (2001) continued the theme of productive re-use of derelict land, but suggested that 
importing sewage sludge as an amendment could also be used to generate revenue through a 
waste management fee, as well as helping to produce a coppice product (Figure 1.1). The 
environmental and social importance of this system was noted. 
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Figure 1.1. Intergrated system for SRC production and fee income from waste management 
and crop sales (originally published in Bardos et al. (1999); exSite Research (2001) 
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1.14 Aims and Objectives 
The aims of the research reported in the present study were: 
" To establish and maintain a network of experimental plots at field sites contaminated 
with a range of heavy metals, growing a combination of Salix, Populus, Lai-ix, 
Betula and Alnus tree species. 
" To investigate and develop a methodology for mapping metal contamination, 
including assessment of differing chemical extraction techniques. 
" To examine how different guidance regimes may affect potential phytoremediation 
schemes and the treatment of contaminated and brownfield land. 
0 To investigate the performance of tree species in phytoremediation and the mobility 
of metal contaminants within the plant and soil systems. 
" To examine the fate and distribution of metals that enter the above ground portions 
of trees. 
0 To investigate metal uptake by trees and potential toxicological trigger levels and to 
attempt to form of generalised patterns of uptake among taxa and species. 
" To examine the role of organic amendments on metal uptake, mobility and overall 
yield capacity. 
0 To assess the suitability of brownfield land for growing Short Rotation Coppice and 
other tree species. Can general predictions of potential yield and mortality be made, 
and do different site management practices affect yield. 
0 To investigate potential treatment rates and reductions in metal burden of the soil 
and associated methods of disposing of contaminated biomass. 
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Chapter 2: Site Descriptions 
Sites for full-scale experimental fieldwork were selected in collaboration with The Mersey 
Forest and other project partners, including local authorities and private industries. Sites 
were short-listed to reflect different historic and current land uses, type and concentration of 
contaminants and geographical location. Some sites were initially selected for investigation 
then withdrawn due to access issues or lack of contamination. The project team suggested 
additional sites to broaden the range available and overlap with previous research work at 
both Liverpool John Moores University (JMU) and University of Liverpool (UoL). 
2.1 Sites of Study 
Eight separate field sites were selected for experimental work, but this number was reduced 
to six after two sites became unusable due to site access difficulties. 
This chapter considers each site in turn, briefly examining its location, history, 
contamination factors and reasons for being included in the project. The broad context of 
each site is described in the present chapter, whereas details of experimental plots siting, 
treatment and detailed chemical analytical work are discussed in later chapters. Of the six 
selected sites, four had been the subject of a phase one site investigation conducted on behalf 
of The Mersey Forest Brownfield Project in 1999. Information from these investigations 
was made available to the project team and has been used as the basis for some of these 
descriptions. In many cases, historical maps and aerial photos have been used to provide 
information on previous land uses and site history. This information is of considerable use 
in the context of assessing contaminated sites (BSI 2001) and planning long term strategies 
for `fit for use' development. 
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Table 2.1 shows an overview of the sites; henceforth sites may be referred to by their full 
name or site code abbreviation. 
Table 2.1. Summary of sites used for experimental trials 
Site Site Code NGR Owner / 
manager 
Phase 1 report 
Sugar Brook SUG SJ 392960 Liverpool C. C. Yes (1999) 
Fazakerley Reed Bed Scheme FAZ SJ 387963 Private / NWW No 
Kirby Moss KIR SJ 445984 Private Yes (1996) 
Merton Bank MER SJ 527960 St. Helens MBC Yes (1999) 
Deeside Steelworks (Corus) COR SJ 308703 Private No 
Cromdale Grove CRM SJ 534947 St. Helens MBC Yes (1999) 
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Figure 2.1. Geographical locations of experimental field sites within the Merseyside region. 
In the following sections, aerial pictures for each site show site boundaries marked in red, 
and experimental planting plots marked in black. 
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2.2 Sugar Brook 
2.2.1 Overview 
Sugar Brook is 3.8 ha of former allotment land situated in the Fazakerley area of Liverpool, 
a dense urban area of major arterial roads, housing and mainly defunct industry. The land 
has had no designated use for at least 20 years. Existing vegetation consists of mainly 
neglected, irregularly mown grasslands and dense willow and bramble scrub. 
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2.2.2 Site Details 
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The site is 3.8 ha in area and is distributed in a linear orientation alongside the main A580 
trunk road connecting Liverpool to Manchester, less then 2km from the Liverpool City 
Boundary. The site is adjacent to a BP petrol filling station, the area to the East being owned 
by Liverpool City Council and the main focus for this study, as areas to the West were 
difficult to access. A large sewage treatment works to the North and the main A580 road to 
the South act as a site boundary. Beyond the road are mixed retail units, a cinema and 
several tower housing blocks. Residential areas of North Liverpool are to the west and an 
industrial corridor follows the A580 to the east. Within the site, Sugar Brook flows as a 1.5m 
deep channel along the northern edge, flowing into the River Alt outside the site boundaries. 
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Figure 2.2. Aerial view of 'Sugar Brook site 
Several road drainage channels cross the site flowing into the brook; these are of poor water 
quality. 
The site is not currently under any formal management, other than occasional dredging of the 
Sugar Brook channel by the Environment Agency. Although the site is located in the middle 
of a dense urban area, with the exception of fly tipping and petty vandalism in the form of 
fires, there is no formal public access to the site. 
2.2.3 Site history and brownfield status 
In 1897 the site was under agricultural production. Sugar Brook ran in its present position to 
the north of the site, and the fields beyond the brook were marked as a sewage farm. The 
surrounding area was agricultural. The present day shape of the site had developed by 1938, 
but still within a largely agricultural landscape. The road had been constructed along the 
southern boundary and the sewage works extended considerably to the north to include large 
structures such as settling tanks and beds. Beyond this, to the north, south and west there 
was evidence of residential developments. 
Residential developments continued to grow through the 1950's and 60's. On the 1967 map 
the site was labeled as allotment gardens and the road had become a dual carriageway. The 
eastern part of the site had become a small development, possibly an extension to the ever- 
expanding sewage works. Engineering and electrical works are marked to the east of the 
site. By 1974 the development on the eastern part of the site had disappeared. Only the 
western part of the site remained marked as allotments. The number of structures at the 
sewage works had increased and residential developments to the south and east had 
increased also. The garage appears in the mid 1970's bisecting the site 
Chapter ?- Site Descriptions 38 
In the late 1980's the site was no longer labeled as allotment gardens and the map showed 
just mature trees. The works to the east had been vastly reduced in size, leaving open, 
derelict ground. Residential development had increased in the vicinity of the site. 
2.2.4 Contamination at Sugar Brook and reasons for selection of the site 
Over a period of more than 100 years the site remained largely under either agricultural, 
allotment or public open space use. There is no direct evidence of any historical 
contaminative processes taking place on the site, and the Environment Agency reports no 
records of contamination or recent pollution incidents arising at the site. The petrol station 
in the middle of the site provides a potential direct source of contamination from spillage or 
underground storage tanks, although no evidence has been found to date. The site has a 
number of indirect pollution sources which are discussed below. 
As the site history clearly shows Sugar Brook does not have any record of particular 
contaminating practices on the site, despite being previously identified as a site with 
contamination issues by the local authority. Of particular interest however is that Sugar 
Brook typifies a great many derelict sites in Merseyside. These are relativity small sites that 
have been neglected for a number of years, effectively partitioned by development on all 
sides and now situated in a dense urban or industrial context. Sugar Brook's proximity to 
industry, treatment works and major roads make it undesirable for residential development, 
reinforced by local issues of dereliction and blight. The location of the site means that it has 
been subjected to several indirect pollution vectors, such as road runoff, aerial deposition, fly 
tipping, agricultural chemicals, poor quality waters flowing though it and the potential for 
sewage sludge from the adjacent works having been dumped on parts of the site in the past. 
The poor economy of the area and large availability of previously developed and derelict 
land meint that it was unlikely to be developed for economic or industrial use in the 
foreseeable future. A sott end use. tcaturing community forestry. may be desirable for 
ecological, landscape and economic reasons. 
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2.3 Cromdale Grove 
2.3.1 Overview 
Cromdale Grove is 8.8 ha of predominantly mown amenity grassland situated in the Parr 
area of St. Helens, Merseyside. Residential areas and industry surround the site. The site 
was previously known to have been a landfill, receiving domestic, industrial and chemical 
waste. In its present day form it is used extensively for informal recreation and dog walking. 
2.3.2 Site Details 
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The site is comprised of 8.8 ha in one large, flat, almost square area of amenity grassland. It 
is surrounded by large housing estates to the north and east; properties to the north are 
situated directly adjacent to the site boundary and a secondary school lies to the south and 
south east. To the west, the Parr Industrial Estate borders the site and Sutton Brook flows 
though a very deep channel on the south of the site and delineates the southern boundary. 
Beyond the brook to the south lie more industrial areas. The majority of the site is mown 
amenity grassland, except for some pockets of scrub willow and planted woodland on the 
western fringes; this woodland is unmanaged and in a poor state. Towards the southern 
Chapter 2- Site Descriptions 40 
Figure 2.3. Aerial view of Croindale Grove 
boundary and Sutton Brook the land is frequently waterlogged with associated marsh plant 
species. 
Soil depth is generally shallow, with only 10-30cm of soil present in many places. below 
which lies landfill waste. The site is popular with dog walkers and is also used for other 
forms of informal recreation. The site is linked with other areas of open space within the St. 
Helens area via the Sutton Greenway project and provides a significant amenity resource 
within a densely populated area. However, the site is also subjected to problems of fly 
tipping in the woodland to the west, motorcycle riding and frequent bonfires. 
2.3.3 Site history and brownfield status 
In 1846, the site was within a predominantly agricultural landscape, although mine shafts 
were evident to the north and a chemical works was situated on the SW corner of the site. 
The site is bounded by Sutton Brook to the south. By the late 1890's the number of 
industrial sites in the vicinity had increased rapidly, especially to the south of the brook with 
a mill and tile and glass works. A colliery existed to the NW, with a railway to the west. 
The chemical works to the SW were now labeled as Alkali works. The site itself remained 
as fields. In the early 1900's brick and tile works had appeared to the West of the site. By 
1938 the colliery to the NW was no longer marked, although the spoil heaps remained; 
beyond this was evidence of residential development. The site was still comprised of fields, 
although depressions that were probably ponds had increased. 
By 1965 the number of residential properties surrounding the site had increased to the north 
and east, and the industrial site to the west was also expanding. This continued though the 
1970's, with the addition of the school in the SE with part of the site being marked as 
playing fields. The railway to the west had been dismantled by 1974. Aerial photos 
from 
the 60's and 70's showed different areas present on the site, including depressions and 
ridiges. most likely associated with landfilling. 
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2.3.4 Contamination at Cromdale Grove and reasons for selection of the site 
The continual presence of many primary industries surrounding the site since the 1850's 
suggests there may be a significant level of pollution associated with the site. The alkali 
works adjacent to the site in the latter half of the 19`h century could have been expected to 
release some waste materials onto the site, whether deliberately or accidentally. Other 
surrounding industries such as coal mining, milling and ore processing were all associated 
with unregulated dumping of materials throughout their operation. Evidence from aerial 
photos and St Helens MBC suggests that deliberate filling of the site occurred during the 
60's, either as a disposal route or in an attempt to level the area. It is documented that filling 
may have also occurred previously. 
Several trial pit surveys have been conducted on the site to try and quantify the underlying 
fill. The latest, in 1997 concluded the site was filled with colliery spoil, ash, clinker, rubble, 
alkali waste and household waste. These are deposited heterogeneously throughout the site 
in area and depth and often associated with areas of heavy metals such as copper, nickel and 
zinc. 
Given the surrounding industry, especially the colliery, the site may have received leachate 
from other off site sources that may have contributed to pollution problems. Although 
domestic waste was filled in the 1960's its proportion of the total waste filled appears to be 
quite small. Due to the amount of time it has been in the ground, any methane production is 
likely to be minimal. Leachate from the site has been observed on occasions entering the 
adjacent Sutton Brook, thus adding an element of off-site contamination migration. 
The concentrations of heavy metals such as copper and zinc, and to a lesser extent nickel, 
were sufficiently elevated above existing guidance in places. The distribution of these 
metals is extremely heterogeneous as would be expected of an area receiving many dit'tcring 
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waste types over a long period of time. Due to these elevated concentrations and the 
perceived constraint to growing woodland, several applications to plant trees on the site have 
been denied by statutory bodies such as the Forestry Authority. The site itself is a locally 
important area for recreation and wildlife and as an area of green space within a dense urban 
setting. For this reason the site requires some development of habitats and public 
accessibility whilst ensuring that such schemes are successful and potential exposure to 
potentially harmful elements is minimised. 
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2.4 Fazakerley Reed Bed Scheme 
2.4.1 Overview 
This scheme occupies land owed by North West Water and was previously part of the nearby 
sewage treatment works. The site is very close to Sugar Brook, which is located 250m to the 
south. In 1998 the site was redeveloped to allow a previously culverted stream to flow above 
ground though a reed bed treatment system to improve the poor water quality of the area. 
2.4.2 Background 
Urban development has resulted in many natural drainage channels, brooks and streams 
being culverted to facilitate industrial and residential development. In North Liverpool, Tue 
Brook was culverted for almost its entire length, receiving a mixture of industrial runoff and 
contaminated urban drainage from a variety of diffuse and therefore largely untraceable 
sources along its length. The quality of the water entering Fazakerley Brook and in turn the 
River Alt was very poor, frequently containing high levels of copper and other contaminants 
(WS Atkins and Environment Agency 1998) This effect is exacerbated by the culverted 
nature of the stream as opportunities for deposition, oxygenation and interaction with 
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Figure 2.4. Aerial view of Fu: ukerley Reed Bed site 
vegetation were removed. At this site it was assumed that by re-routing the culvert above 
ground and introducing a wetland treatment facility, water quality could be improved before 
discharge to the River Alt. 
2.4.3 Site Details 
The site consists of semi-natural grassland vegetation, including mixed rudural herbs and 
natural grassland. Recent redevelopment of the site provided extensive planting of trees 
during 2000-2001. The site lies in close proximity to Sugar Brook and shares many 
similarities in its surrounding urban environment. Large residential areas lie directly to the 
north with the sewage treatment works bordering the site for its entire eastern boundary. 
Recreation fields and Fazakerley hospital are situated to the west and Sugar Brook to the 
south. 
The re-engineering of the site has created an extensive new water channel that now carries 
the previously culverted Tue Brook, above ground through the entire length of the site. The 
channel has been further engineered to include two large settling pools and a reed bed 
treatment area, before discharging into Fazakerley Brook at the northern edge of the site. 
During land forming operations all existing vegetation was lost or significantly reduced. 
Natural recolonisation has been rapid with large communities of ruderal grasses and forbs 
dominating the site. Several large areas were planted with a mixture of broadleaf and conifer 
tree species, and a new hedgerow was planted along the western edge of the site. Soil depth 
is greater than 1 m, and a rapid establishment of invasive vegetation indicates a high level of 
fertility. The site is currently under no specific management regime, although Lancashire 
Wildlife Trust were due to take over site management. Some gradual expansion of the tree- 
planting programme is planned and the site remains restricted to the general public. 
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2.4.4 Site history and brownfield status 
The site has been part of a sewage farm since 1897, although seems to have been separated 
from the main part of the sewage farm site by a boundary marker since 1908. ti o 
development has taken place on the site and whereas the sewage farm to the east has been 
expanding with filter beds and other infrastructure, this site has remained unchanged. The 
only exception is the addition of several roads linking the site to the main part of the sewage 
works which appear in the 1960's, although these were removed by 1988. 
2.4.5 Contamination at Fazakerley Reed Bed Scheme and reasons for selection of the 
site 
Evidence of any contamination process occurring directly on the site is limited. As the site 
was originally a sewage farm and has remained part of a sewage treatment works for over 
100 years, it would be reasonable to assume that some transfer of sludge to land may have 
occurred over this time. Dumping sludge to land was a known disposal route and there is 
some anecdotal evidence this occurred across the site. However, considerable landscaping 
earthworks have been performed on the site and any contamination that may have been 
present in the top layers of soil may now be buried beneath the surface. 
The consulting engineers, WS Atkins, conducted a limited amount of soil testing for metals 
prior to the re-engineering scheme commencing. Nine sampling locations were assessed 
from across the site with the following maximum concentrations recorded (all samples taken 
from between 0 and 1m below ground level): As 87mg/kg, Cd 5.0 mg/kg, Cu 402 mg/kg, Ni 
57 mg/kg, Pb 556 mg/kg and Zn 360 mg/kg (WS Atkins and Environment Agency 1998). 
The metal concentrations are elevated above background levels and confirm that sewage 
sludge disposal may have occurred on the site historically. 
Anv contamination flowing through Tue Brook is unlikely to impact directly on the land as 
hannel has been clay lined. although any flash flooding c\ cnts may circumvent this. the c 
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Potential problems may also arise in the future as contaminated sediment drops out of 
solution and deposits in the stream bed and settling pools. Sewage sludge consistently 
contains high concentrations of heavy metals and, although recent legislation has tightened 
up amounts permissible in sewage waste (MAFF 1993), this site may have been receiving 
sludge for over 100 years, long before these guidelines were conceived. 
This site presented opportunities to manipulate soil conditions. The possibility of using 
additional organic amendments such as sewage sludge and sewage cake is possible due to 
the lack of public access, as is the possibility of irrigating experiments with contaminated 
water as it enters the site. 
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2.5 Merton Bank 
2.5.1 Overview 
Merton Bank is an area of public open space (6.6 ha) in the Pocket Nook area of St. Helens, 
Merseyside. It consists predominantly of intensively mown amenity grassland interspersed 
with small patches of wayside vegetation and planted woodland. The site is in the middle of 
a dense residential and industrial area and is well used for public recreation. The site was 
known to have received a wide variety of industrial waste although much of its composition 
is unknown. 
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Figure 2.5. Aerial view of Merton Bank site 
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2.5.2 Site Details 
The site comprises 6.6 ha of predominantly mown amenity grassland, except for some 
pockets of planted trees. The margins of the site are unmown and these areas are reverting 
naturally to wayside plant communities. The topography consists of several ridges and 
mounds giving an interesting raised landform in an otherwise largely flat landscape. The St. 
Helens Canal defines the northern boundary, and mixed residential properties are found to 
the east and northwest. To the South lie school playing fields and a nursing home. The west 
of the site consists of expansive industrial estates. 
Soil depths are generally low, with only 10-30cm of soil present in many places, below this 
waste materials are frequently encountered. The site is managed by periodic mowing of the 
grassland. It is popular with dog walkers and other forms of informal recreation. The site is 
linked with other areas of open space within the St. Helens area via the Sutton Greenway 
project and provides a significant amenity resource within a densely populated area. 
However, the site is also subjected to problems of motorcycle riding, sporadic bonfires and 
other anti-social behavior. 
2.5.3 Site history and brownfield status 
In 1849 the entire site was used as a reservoir to feed nearby mills. The land was 
subsequently drained and by 1873 an alkali works had been constructed on the eastern part 
of the site for the manufacture of sodium carbonate using the Leblanc process, although the 
works were removed 20 years later. The St. Helens canal ran to the north of the site, with 
farmland to the east and south and the start of residential development to the west. Many 
industries were situated close to the site including oil and tallow works, refineries, alkali and 
chemical works. From the 1900's, the site existed as a raised piece of land in a heavily 
industrialized landscape, and aside from the addition of a railway line on the south boundary 
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of the site and an increase in the number of surrounding chemical industries the site 
remained relatively unchanged for many decades. 
By 1965 a decrease in the number of surrounding industries could be seen. Residential 
developments to the north, east and south were clearly visible and a new road bordered the 
west of the site. The ditches and brooks that crossed the site had all been filled in sometime 
after 1956. During the mid 1970's the railway line had become disused, although the site 
was designated as a public amenity area in 1977. The reclamation of two large conical 
domes of alkali waste commenced in 1978 with landforming to lower the waste tips at each 
end of the site, and raise the central area. Once complete a 23cm layer of colliery spoil from 
the nearby Clockface Colliery was added and left for 3 months before two ripping operations 
to open the substrate to wintering and facilitate mixing. Areas of tree planting also received 
sewage sludge and additional substrate mixing (Murphy 1979). 
Residential development to the north and east continued throughout the 1980's and 90's and 
to the west new industrial units have been erected along the boundary road. The site remains 
as undulating land varying in height from 30 to 35m AOD. By 1992 relatively mature trees 
were present on some parts the site. 
2.5.4 Contamination at Merton Bank and reasons for selection of the site 
Apart from the alkali works that were demolished before the turn of the century, no other 
contaminative processes have been situated directly on Merton Bank. However, the site has 
remained within a densely populated area of chemical, mining and refining industries for 
over 100 years. A report on the site conducted in 1979 states, "after production ceased 
(approx 1890's) the site consisted of two large conical tips of alkali waste with a central area 
of rubble.... and has remained untreated for over 70 years" (Murphy 1979). 
Chemical testing from a site survey in 1999 (Mersey Forest 1999a) revealed extremely high 
concentrations of arsenic (As) distributed heterogeneously across the site. The present study 
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shows that Merton Bank contains extremely high levels of arsenic, and several other heavy 
metal contaminants, which are discussed at length in Chapter 4. The soil dynamics and plant 
uptake of arsenic is still relatively poorly understood in the context of phytoremediation, 
especially in relation to trees (Mattusch et al. 2000; Zhang et al. 2002). 
The site shares many similarities with Cromdale Grove from a community viewpoint; it is a 
very important area of amenity greenspace in a highly developed area, but may benefit from 
improved landscape areas, including community forestry. The potential exposure of the 
public to contaminated material must be addressed under new CLEA legislation (DEFRA 
and Environment Agency 2002a) and targeted remediation methods such as 
phytoremediation may play a part of this. 
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2.6 Kirby Moss 
2.6.1 Overview 
The Kirby Moss former landfill occupies an area of approximately 34 ha and is a privately 
owned site surrounded by agricultural and grazing land. The landfill closed in the 1970's 
and the land has been used for periodic agricultural grazing since. This site was used as part 
of the Mersey Forest Landfill Project and contains 0.66 ha of tree planting from 1998. 
2.6.2 Site Details 
The site is divided into a western phase known as Coopers Moss and an eastern phase, Kirby 
Moss, only the eastern phase was utilised for this project. A large, flat, raised field forms 
the site that has been used to graze cattle. The western boundary is formed by the Perimeter 
Road. A drainage ditch, contaminated with leachate, forms the southern boundary. 
Chapter 2- Site Descriptions 52 
Figure 2.6. Aerial view of Kirby Moss 
A cattle grazed grassland sward consisting of mainly, Arrhenatherum elatius, Dactylus 
glomerata, Holcus lanatus and Lolium perenne dominates the vegetation. Additionally, an 
area of diverse flora has developed within the previous tree planting experimental exclosure. 
Ground disturbance during cultivation and a reduction of competitive weeds has promoted 
locally rare orchid species. Some mixed scrub vegetation also occurs towards the southern 
boundary of the site. Soil coverage is generally poor. Topsoil and rootable material depths 
are 0.15 in and 0.6 in respectively. In some areas no topsoil was recorded and there was 
evidence of waste materials brought to the surface during ground preparation. 
2.6.3 Site history and brownfield status 
Detailed historical site information was not available for this site, although it was probably a 
wetland area (a moss) that was used as a landfill site after peat extraction. The site ceased 
landfill operations in 1970. Domestic, construction, commercial and industrial materials 
were accepted at the site to an unknown depth. 
In 1998,0.66 ha of experimental tree planting was added and managed as part of a research 
project by Liverpool John Moores University, The University of Liverpool and The Mersey 
Forest into tree planting on closed landfill sites (Putwain et al. 2003). 
2.6.4 Contamination at Kirby Moss and reasons for selection of the site 
Previous studies conducted on the site indicate that phytotoxic contamination is present in 
the soil. Thirty percent of soil samples taken from between 0-0.5 m below ground level were 
contaminated with Cu, Zn or Ni in excess of the ICRCL threshold for phytotoxicity 
(Rawlinson 2001). Below 0.5 in the proportion of contamination increased to 46%. The soil 
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chemistry was described in the preliminary site investigations, as `aggressive' due to 
`phytotoxicity and locally acidic conditions (Allot and Lomax 1997) 
A substantial area of Kirby Moss is affected by landfill gas. At 0.75 in almost the entire 
horizon was affected by carbon dioxide (1-10 %). Methane concentrations of 5-15 % were 
present, at 0.75 in, along the western boundary of Kirby Moss extending eastwards through 
the centre of the site. Previous reports have suggested landfill gas would appear to pose a 
significant threat to the long-term viability of the woodland stand within the experimental 
area (Rawlinson 2001). 
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2.7 Deeside Steel Works (Corus) 
2.7.1 Overview 
The Corus steelworks are situated adjacent to the Dee Estuary in Flintshire, North Wales. 
This expansive site has been in used as a steel manufacturing facility for over 100 years 
although recently steel production has ceased and been replaced by a specialist metal 
coatings facility. 
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Figure 2.7. Location snap of Deeside steel works site 
2.7.2 Site Details 
The large complex contains a network of road, rail and building infrastructure consistent 
with a large primary industrial site. General site details are neither necessary nor available 
and specific information associated with experimental planting sites is discussed in Chapter 
4. 
2.7.3 Site History and Contamination Issues 
Steel works have been present on the site for over 100 years. No specific details on previous 
land use or contamination incidents are available. It is known that sump oil leakage from an 
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adjacent steel mill has drained onto part of the site over several decades. This is still in 
evidence in drainage ditches and culverts across the site. The area for experimental planting 
did receive hydrocarbon contaminated dredging in 1996 as part of a trial into land farming to 
improve soil conditions for possible bioremediation. 
2.7.4 Relevance to the Project 
The area to be used for the experiment contains large quantities of mineral oil and potentially 
other organic by products, offering an opportunity to examine the role of trees in 
phytoremediation of organic contaminants, along with any inorganic contaminants likely to 
be present within the oil. 
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Chapter 3: Materials and Methods 
3.1 Site Selection 
Sites for experimental work were selected according to a range of criteria outlined in Chapter 
2, which also explains the background of the sites. 
3.2 Plot Selection 
Plots for experimental tree planting were selected on the basis of attempting to situate them 
over or around contaminated areas of the site. Where data were available from previous 
Phase 1 site investigations they were used to produce visual indications of site-wide 
contaminant concentrations. This was used to site experimental plots over elevated 
contamination areas (Figure 3.2). The final locations of experimental plots are shown in site 
aerial photos, Figures 2.2 to 2.7. 
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Figure 3.2. Three-dimensional representation of zinc concentrations at Cromdale Grove 
3.3 Species Selection and Source 
Species of interest in the present study were fast growing willow and poplar trees, on which 
there are several studies of their use in stabilising or remediating land contaminated with 
heavy metals (Landberg and Greger 1994; Riddell-Black 1994; Kumar et al. 1995; Punshon 
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and Dickinson 1999; Pulford and Watson 2003; Watson et al. 2003). Several nati% e species 
known to survive on degraded or contaminated land were also considered. Betula pendula is 
well documented to tolerate elevated concentrations of heavy metals, and is considered a 
hardy pioneer species (Utriainen et al. 1997; Koziov et al. 2000). Alnus incana is a popular 
choice for urban and brownfield forestry schemes due to its nitrogen fixing properties and 
ability to survive on poor quality soils (Moffat and McNeill 1992; Moffat 2000). Both 
species were used in previous projects undertaken by JMU and UoL research groups with 
promising results (Mersey Forest 1999b; Putwain et al. 2003). 
On the advice of the Forestry Authority one commercial forestry species was included. After 
consultation hybrid larch, Larix x eurolepis, was selected. Larch has frequently been used in 
restoration programs on former mine spoil sites (Bending and Moffat 1999), although its use 
alongside short rotation coppice taxa is the subject of some debate, as it may act as a host for 
certain rusts and other pathogens. 
Selection of the remaining Salix and Populus coppice varieties was based on: 
0 Current Forestry Commission guidance (Tabbush and Parfitt 1999) 
"A review of previous research into the role of willows and heavy metals, as 
discussed in Chapter 1. (limited research was available at the time of planting on 
poplar and heavy metal interactions) 
0 Taxa availability from local sources and suppliers and taxa used in previous studies 
within JMU and UoL research groups. (Punshon and Dickinson 1997; Punshon and 
Dickinson 1999; Rawlinson et al. 2000). 
" Bcst practice guidance of selecting genetically different material within a planting 
area, to reduce the risk of spread of disease (Tubby and Armstrong 2002) 
" The desire to plant genetically different hybrids to examine responses in the soil. 
With these factors considered the species selected were as follows: 
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Table 3.1. Tree species selected for use in this study. 
Species Stock Type Mix Code Abbreviation 
Peg 
Colour 
1. Larix x eurolepis 20cm cell grown n/a LAR na 
2. Betula pendula 20cm cell grown n/a BET n/a 
3. Alnus incana 20cm cell grown n/a ALN n/a 
4. Populus deltoides x 
ni ra `Gh ' 
25cm unrooted peg n/a GHY o 
5. Populus trichocarpa 
`Trichobel' 25cm unrooted peg n/a TRI 
6. Salix caprea x cinerea x 
viminalis `Calodendron' 
25cm unrooted peg BC CAL 
7. Salix viminalis `Orm' 25cm unrooted peg A ORM 
8. Salix caprea x viminalis CLS 
`Coles' 
25cm unrooted peg AZ 
9. Salix burjatica 
' ' 
25cm unrooted peg XY GER Germany 
10. Salix viminalis x 
` ' 
25cm unrooted peg A TOR Tora schwerinni 
Species 1-3 were acquired from Cheviot Trees Ltd. as 20-30cm cell grown stock 
Species 4-6 were obtained from AF Hill and son as 25cm unrooted pegs. 
Species 7-10 were obtained from the Ness Botanic Garden Willow Collection as 25cm 
unrooted pegs. 
Throughout this study species or taxa may be referred to by the abbreviations shown in the 
table above. 
Willow and poplar pegs were colour coded on the top of the peg using forestry spray paint 
for identification. They were graded by diameter, collated into bundles of 50, and stored in a 
cold room (4°C) in polythene bags until needed. Bags were rotated periodically to prevent 
moisture build up. 
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3.4 Plot Design and preparation 
Plots were smaller then those used on the previous Landfill Project (Rawlinson et al. 2000) 
and more suitable for the closer spacing of trees associated with short-rotation coppice. A 
standard plot size of 30m x 30m was used, although was reduced on certain sites to 21m x 
21 m to meet planning, statutory or local design requirements 
Consistent with best practice guidance at the time of planting, willow and poplar coppice 
should be 1.5m between rows and 0.5m within rows (Armstrong et al. 1999). This spacing 
was adopted for all experimental taxa, including non-coppice species, although planting is in 
single rows, not double as is typical of many coppice plots (Figure 3.4). Buffer zones 
surrounding experimental planting were used at Cromdale Grove and Sugar Brook. 
Figure 3.4. Recommended spacing of SRC (top) and adaptation used in this experiment 
(bottom) 
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3.4.1 Ground Preparation 
Site preparation for SRC species is different to that for traditional cell grown and nursery 
stock. Success and establishment of the pegs is dependent on good quality ground 
preparation. Guidance for site preparation was published in 1999 in Forestry Commission 
Practice Note 7: Establishment of Short Rotation Coppice (Armstrong 1999), although some 
aspects of this guidance were updated in 2002 (Tubby and Armstrong 2002). This protocol 
would require adaptation to meet the specific needs of the project, whilst still ensuring the 
success of the trees. It was therefore necessary to combine this guidance with other best 
practice information and research on preparation of derelict or brownfield sites. All 
protocols for site preparation of SRC are based on agricultural land, but previous experience 
has implied other factors, such as compaction to be a major impediment to tree growth and 
recommends total cultivation where possible, especially if amendments are being 
incorporated (Bending and Moffat 1999; Rawlinson et al. 2000). Other general site 
impediments for tree growth are discussed in Chapter 1 and in Moffat and McNeil (1994). 
3.4.2 Spraying 
Herbicide spraying was not possible before the winter as specified due to timescales of site 
and plot selection. All plots were sprayed with glyphosate before cultivation took place, 
although poor weather conditions meant spraying was late and had not fully taken effect 
when cultivation and planting commenced. 
3.4.3 Cultivation 
Total cultivation is recommended for SRC preparation and is considered good practice for 
brownfield sites undergoing tree planting schemes. However, deep cultivation may have 
buried any contamination of interest as many of the sites are likely to have contamination 
ý1'lthln the top 500nln1 of soil. Ripping was used on sites with perceived drainage problems. 
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and also where the wider planting scheme required furrows in which to plant tree material. 
Cultivation was carried out with a JCB 3X turning the soil to a depth of approximately 
300mm. 
3.4.4 Power Harrowing / Rotovating 
A final finish with a power harrow was recommended, but field observations suggested a 
rotovator would be of more use, especially in breaking up large clods of earth left after 
excavation due to the slow and late action of the herbicide. Rotovating was carried out after 
the excavation, or on some plots was used beforehand to break up clods of grass / earth. 
Whichever method was employed the resultant fine tilth finish was the same. 
3.4.5 Fencing 
All plots were fenced following or during cultivation to a standard deemed necessary on the 
site. Fazakerly, Sugar Brook and Kirby Moss were enclosed using rabbit wire. Merton 
Bank was stock (3 wire) fenced, principally to prevent access by the general public. 
Cromdale Grove had a3 wire fence installed, although this was later upgraded to rabbit 
fencing. 
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Plate 3.4. Site preparation on Merton Bank 1 (top) Cromdale Grove 1 (bottom). 
The JCB turns the soil to 300mm whilst the tractor mounted rotovator creates a fine tilth 
finish. 
A summary of the cultivation regimes used on each plot is shown in Table 3.2 
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3.5 Site Amendments 
Amendments were applied to some plots to investigate if they provided a measurable change 
in soil-plant metal mobility. Where amendments have been applied this has been with the 
approval of the project team, landowners and other statutory authorities. In most cases soils 
were sampled pre- and post-amendment. 
Fazakerley - Plot 1 
This plot is located alongside a known copper-contaminated watercourse that flows through 
the site. This offered the possibility of future irrigation of the plot with water taken from the 
channel, prior to it reaching a reed bed treatment system established to improve water quality 
and remove metals from the stream. The proposed irrigation programme was not started 
during the project and no amendment was applied. 
Fazakerley - Plot 2 
With the co-operation of North West Water (United Utilities) this plot was treated with two 
types of processed organic waste; sewage cake and sewage sludge. Control areas were 
maintained with no amendments (see Experimental Design). Approximately 15 tonnes of 
each organic waste was applied in two replicate treatment areas within the plot, and then 
incorporated into the top 300 mm of soil. The use of processed sewage materials creates an 
opportunity to investigate an increased metal loading and the effect of increased productivity 
from organic amendments (Bardos et al. 1999; Moffat et al. 200 1.; Pulford et al. 2002). 
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3.6 Experimental Design 
Construction of the experimental planting design within the plots was based on the following 
criteria: 
" Reproducibility -A comparable design was required across all plots 
0 Replication of planting material - The selected taxa were sufficiently replicated to 
allow some mortality without unduly affecting or compromising the value of the 
data to be collected. 
0 Randomisation - The allocation of species within each block was fully randomized. 
0 Current guidance - The design followed, as far as possible, current guidance and 
best practice for the cultivation and management of the selected taxa. 
0 Sampling options - Plots were designed to allow a series of sampling options in the 
future. 
Diagrams of a range of plot designs can be found in Chapter 4, and should be referred to 
throughout the following sections. Full details of all plot experimental designs can be found 
in Appendix 1. 
Basic experimental design was based on a 30m x 30m plot. This allowed the creation of 100 
blocks within each plot. Each block contained 12 plants of the same taxa, in two rows of 6 
trees (1.5 m between rows, 0.5 in within rows). This provided 10 replicate blocks of each 
taxa within each plot. Planting in double rows was intended to mimic recommended 
planting practices and allowed soil sampling and measurement of environmental variables 
between rows of the same taxa. Blocks of were randomly allocated within the plot. 
This design template was established on the following plots: 
Sugar Brook I 
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" Cromdale Grove 1 
" Cromdale Grove 2 
" Merton Bank 1 
" Merton Bank 3 
The basic design was modified, as described below to allow the remaining plots to be 
reduced in size to comply with site constraints, treatments and sampling requirements. 
Fazakerley 1 
Plot size 21 mx 21 m. Four treatment blocks were created each containing 10 species blocks 
consisting of 12 trees. However, the 12 trees within each treatment block were spaced in 3 
rows of 4 trees. The 4 treatment blocks allowed the possibility of two to be irrigated and two 
as controls. 
Fazakerley 2 
Plot size 30m x 30m. The plot was divided into 7 treatment blocks, each containing 10 
species blocks (1 block of each species, randomised with the treatment block). Each species 
block consisted of 18 trees, spaced in 3 rows of 6 trees. Treatments in each block consisted 
of 2 sewage sludge, 2 sewage cake and 3 control blocks with no amendment, but still 
cultivated to 300mm. 
Sugar Brook 2 
Plot size 30m x 30m. The plot was essentially the same design as the standard 30 x 30 plot, 
with 100 species blocks, and each species block replicated 10 times across the plot. 
However, the plot was divided into 4 treatment blocks, each a quarter of the plot and 
containing 
25 species blocks. Two of the treatment blocks located diagonally to each other 
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received river dredgings. All blocks were cultivated to 300mm. Each treatment block 
contained 2 duplicates of each species, totaling 20 blocks. Species were randomised within 
each treatment block. 
Kirby Moss 1 and Merton Bank 2 
Plot sizes 21m, x 21m. These plot sizes were reduced to comply with site access and 
planning restrictions. Each plot had a total of 70 species blocks, each species was replicated 
7 times. Each species block consisted of 9 trees, spaced over 3 rows of 3 trees. 
A summary of plot sizes, amendments and tree numbers is provided in Table 3.3 
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3.6.1 Planting 
Planting of all plots took place between the 3rd - 20th April 2000 and was conducted by 
Lowther Forestry under the supervision of the research team and the Mersey Forest. Willow 
and poplar pegs were planted by hand, pushed directly into the ground so that approximately 
1/8 of the peg remains above the surface (Dickinson et al. 2000) Cell grown stock were 
planted using notch planting techniques (Forestry Commission 1991). 
3.6.2 Pot trials 
To compliment field experiments a series of pot trials were commissioned. Soils were 
collected from Fazakerly and Merton Bank sites, and after homogenisation using a cement 
mixer were been placed into twenty 15 litre containers for each site. In addition to site soils, 
20 pots of sterilised loam from University of Liverpool Ness Botanic Gardens were 
established as controls. Each container was planted with one of each experimental species, 
allowing each taxa to be replicated. These trees were irrigated throughout the year using a 
drip irrigation system. Forced re-location of this experiment caused a strong bias in later 
growth seasons thus the trial was partially abandoned and results are not presented within the 
present study. 
Plate 4.2 
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3.6.3 Post planting follow-up 
Sites were checked one week post planting to correct minor planting errors or incorrectly 
placed pegs. Trees uprooted by vandalism on Merton Bank and Cromdale Grove were 
replaced, although replacement numbers were not significant. No further tree replacement 
occurred after this time. 
3.6.4 Changes in Plot Status 
Cromdalc Grove, Plot 2 (located on the Western side of the site, adjacent to Parr Industrial 
Estate) was severely damaged by rabbits or hares in Summer 2000. Approximately 70% of 
stock on the plot was severely damaged or destroyed. The site was later enclosed by rabbit 
fencing and some stock regenerated. However, due to the damage this plot was excluded 
from the study. Plot 1 on Sugar Brook was also damaged by rabbit incursions through 
damage to the fence. Tree losses were not significant, although it may have led to a 
reduction in Year 1 yield. 
3.6.5 Weed Control 
Weed control was carried out in June 2000 following a wet spell which had promoted weed 
growth on all sites. Following advice from the Forestry Commission (Willoughby and Clay 
1999) and David Clay Associates, the following herbicide mixes and application methods 
were implemented on all plots: 
Table 3.4. Wc'ed control measures used in Jrine 2000 
Application Method Herbicide Supplier Target 
species 
Directed spray between rows 
Challenge (`. luibsinate- 
ammonium) 
AgrEvo All 
Entire plot + Dow Shield (clopyralid) Dow Elanco Dicots 
Entire plot Falcon (propaquizafop) Cyanamid Grasses 
Used together in tank mix. 
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144 
Strimming was also employed on sites with particularly virulent weed growth such as Sugar 
Brook. The effectiveness of the Dow Shield / Falcon tank mix was not as good as expected 
and weed control in 2001 and 2002 seasons involved a combination of strimming and 
directed application of glyphosate. 
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3.7 Field Sampling Methods 
3.7.1 Soil Sampling 
The primary reason for soil sampling was to accurately assess and quantify the background 
concentration and dispersion patterns of potentially toxic heavy metal elements in soils on 
experimental plots. Each soil sample was analysed for Arsenic (As), Cadmium (Cd), Copper 
(Cu), Nickel (Ni), Lead (Pb) and Zinc (Zn). In addition Chromium (Cr), Mercury (Hg) and 
Selenium (Se) analysis was planned but not conducted due to the analytical equipment 
available. 
3.7.2 Sampling Plan 
Subsequent to planting and initial establishment surveys a design was produced to sample 
the soils from each plot, based on the following guidance and research documents: 
" DoE CLR 4 Sampling Strategies for Contaminated Land (DoE 1994) 
0 British Standard BS 10175: 2001, Investigation of potentially contaminated sites, 
Code of practice (BSI 2001) 
0 British Standard BS ISO 10381-1: 2002, Soil Quality Sampling - Part 1, Guidance on 
the design of sampling programmes (BSI 2002). 
Sampling points were distributed in a herringbone design, allowing an optimum number and 
spacing of samples to be taken in order to achieve the most comprehensive overview of 
contaminants within each plot. The formula takes into account likely shape of contamination 
hotspots, size of plot, size of hotspot the user wishes to detect, and possible number and 
location of hotspots (DoE 1994). 
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Figure 3.5. Herringbone soil sampling design used on experimental plots 
Using this method it was calculated that 72 soil samples from full-size 30 x 30m plots would 
be sufficient to detect a hotspot of 1% of the plot size (3m x 3m), assuming hotspot size and 
location are unknown. The same formula was applied to smaller plots, allowing the number 
of sampling points to be reduced whilst maintaining a robust protocol and hotspot detection 
size. Soil sampling plans are shown in Chapter 4. 
Soil samples for initial baseline contamination analysis were collected prior to planting in 
January to March 2000; referred to as Year 1 soil samples. Samples were collected at 0-30 
cm depth, although in some areas there was insufficient soil to collect to this depth. Where 
this was the case the depth of soil removed was recorded. Samples were taken using a 2.5 
cm soil auger, bagged and returned to the laboratory where they were air dried at room 
temperature, ground using a mortar and pestle, and sieved to a <2 mm fraction. The need for 
good field technique to collect samples from each plot that could be compared and 
reproduced led to the production of a protocol for soil sampling throughout the project. Each 
sample was catalogued and stored in cool, dark conditions. These samples w ere also used 
for analysis of physical and chemical parameters. 
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3.7.3 Soil Analysis 
All Year I soil samples were digested in Analar grade concentrated HNO3 and analysed 
using Atomic Absorption Spectrophotometery (AAS) as described in Section 3.9. A subset 
of these samples were also analysed for EDTA and CaC12 extractable metals as described in 
Section 3.10. Samples to be analysed by this method were selected on the basis of locating 
hotspot areas of soil contamination as described in Chapter 4. 
3.7.4 Contaminant Mapping 
Results from Year 1 soil metal analyses were used to produce contour maps of 
contamination distribution and concentration at each plot, using the SURFER package 
(Golden Software). Full results of this exercise are shown in Chapter 4. Maps indicate total 
metal concentrations and not plant-available; their main purpose was to identify target areas 
where high concentrations occurred and to focus on these locations where future 
experimental work would be directed. The maps made it possible to identify trees growing 
on areas of highest contamination, and to target these trees for future intensive investigation. 
Hot spots identified in this analysis were also analysed for measures of `bio-available' metals 
(using EDTA and CaC12 extraction). 
3.7.5 Bulked Soil Samples 
A bulked sample, representative of the entire plot or treatment was obtained by combining 
sub-samples from individual Year 1 soil samples. The number and size of samples used to 
create a bulked sample varied between plots and treatments. In plots where there were 
multiple treatments or amendments, bulked samples were made for each experimental 
treatment. Bulked samples were not used for metal analysis but for physicochemical 
parameters including Particle Size. pH, Organic Matter and Total 
Nitrogen. 
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3.7.6 Year 3 Soil Sampling 
Additional soil sampling was conducted in January and February 2003 immediately after 
final tree harvesting. Soils were re-sampled from points identified as hotspots using the 
same protocols described previously. 
3.7.7 Foliar Sampling 
Foliar sampling was carried out initially in September 2000. Leaf samples were taken from 
all but the outer two trees in each species block, which provided a buffer zone. For example, 
in 30m x 30m plots, where each species were in blocks of two rows of 6 trees, only the inner 
4 trees in each row were sampled (8 trees in total). Foliar sampling was conducted based on 
protocols in (UN/ECE-EC. 1998). Only fully open leaves were collected from the top third 
of the tree, with equal numbers of leaves collected from each compass ordination point. 
Foliar samples were oven-dried (80°C) and stored for potential future analysis, depending on 
the results of the contamination mapping exercises; analyses were later directed towards 
trees growing near hotspots. Foliar sampling was conducted on an annual basis (see Section 
5.1). 
3.7.8 Tree Census 
A census of tree mortality, establishment and growth was conducted during the winter of 
each growing season, specifically; January 2001, February / March 2002 and November / 
December 2002 (for 2003 growth data). Trees on the edges of species blocks were not 
included due to their edge and buffering effects; as above, only the inner 8 trees of each 
block were assessed in a standard 30m x 30m plot. 
Assessment was made by measuring the total height of the tree, from ground level to the tip 
of the tallest stem. Trees that were dead, or simply not present were recorded as such. 
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3.7.9 Cutting Back 
Immediately after height data was recorded for Season 1 all coppice species (Salix and 
Populus) were cut back in line with current guidance for maintenance and establishment of 
Short Rotation Coppice (Armstrong 1999). This process constituted cutting all main stems 
of the tree approximately 2-3 cm above ground level and was conducted by hand cutting 
using lopping shears (Plate 4.3). Cutting back reduces apical dominance allowing re-growth 
during the next growing season to produce multi-stemed trees and potentially to increase 
productive biomass. 
After this process all willow and poplar were allowed to grow for 2 full growing seasons 
before any further destructive sampling of stems. 
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Plate 4.3. Cutting back coppice stools of willow and poplar at the end of year 1 
3.7.10 Stem sampling 
Before harvesting of all stems at the end of Year 3 for biomass determination, trees from 
hotspot areas to be analysed for metal content were tagged. This enabled stems to 
be used as 
part of the biomass determination process to give accurate 
field results, but subsequently 
allowed easy removal and transport 
hack to the lab for metal content analysis. 
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3.7.11 Biomass measurement 
Determination of tree biomass growth was conducted at the end of Year 3 for each species 
with the exception of larch, to give an accurate measure of growth over 2 full growing 
seasons. Each species block was felled in turn using a chainsaw, removing all stems at 2- 
3cm above ground level. The contents of each block were transferred to an adjacent tared 
weighing bin mounted on a set of weighing beams (Plate 3.5), calibrated to 0.1kg accuracy. 
Total weight for each block was recorded before a composite sub-sample from each species 
was collected for immediate moisture determination. In the laboratory, sub samples were 
pooled for each species and weighed to 2 decimal places on a flat pan balance before being 
dried at 105°C to a constant weight, calculating moisture content as a percentage of total 
fresh weight. This correction factor was applied to the field recorded weights and averaged 
for all species within the plot before being converted to give a standard measurement of oven 
dry tones per hectare (ODT ha"'). 
Plate 3.4. (left) Harvesting operations for biomass determination 
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3.8 Laboratory Preparation of Samples 
Soils 
Soils were air dried in the laboratory at room temperature until no further change in weight 
was detected and ground using a decontaminated mortar and pestle before being passed 
though a 2mm stainless steel sieve. Soils were stored in airtight ziplock bags in the dark 
until required. All soil analysis was conducted on air dried material, unless otherwise stated. 
Foliar 
Foliar samples were oven dried at 80°C prior to being ground. The same bag was used from 
sample collection, drying and grinding to prevent cross contamination. 
Stem 
Three stems were selected at random from each harvested tree. Ten cm sections were cut 
from each stem at 50cm intervals along its length and washed in distilled then deionised 
water and dried at 80°C. Samples that required bark and wood material to be analysed 
separately involved an additional step of bark removal that was conducted after drying using 
a stainless steel scalpel blade to remove bark from the stem. All material was ground and 
homogenised using a laboratory mill. 
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3.9 Environmental Analysis laboratory methods 
All acids and reagents used were analytical quality. All glass and plastic ware was washed 
in 2% decon before washing in 3% HNO3 acid wash and rinsed in deionised . eater. 
Chemical analysis was carried out in duplicate unless otherwise stated. 
3.9.1 Microwave digestion of environmental samples 
All acid digestion of environmental samples was conducted using a MARS 5 microwave 
digestion unit from CEM Corporation. This method allows rapid digestion of products in a 
reproducible and controlled environment, temperature and pressure measurements are 
monitored and maintained for each run, improving quality control. The use of a closed 
system minimises sample loss or cross contamination and ensures constant heating for all 
samples. Specially designed PTFE vessels are used for sample digestion, which are pressure 
sealed and mounted in support structures prior to loading into the digester unit. Reagent 
blanks were run with each batch of 12 samples. 
Microwave Soil digestion 
All Year 1 soil samples were analysed for pesudo-total extractable metals by microwave 
digestion in HNO3 and HCI, using a method closely adapted from US Environmental 
Protection Agency (USEPA) Method 3051 and 3051a `Microwave assisted digestion of 
sediments, sludges, soils and oils' (USEPA 1994). Air dried soil (0.5g) was weighed to 4 
decimal places into microwave PTFE vessels and 9m1 concentrated. HNO3 plus 3m1 
concentrated HCl were added to each sample. Samples were heated to 195°C in 10 minutes 
and held at this temperature for a further 10 minutes. Once cool, samples were filtered 
though a Whatman 540 filter paper and made up to 25ml with deionised water prior to metal 
determination. 
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Microwave Foliar, stem and bark digestion 
0.5g of dried and homogonised foliar, stem or bark material was weighed into microwave 
PTFE vessels and 8m1 concentrated HNO3 plus 2m1 H2O2 added to each sample. Samples 
were heated to 185°C over 10 mins and held at this temperature for a further 20 mins. Once 
cool, samples were filtered though a Whatman 540 filter paper and made to 25ml with 
deionised water prior to analysis. 
3.9.2 Soil PH (UNEP / UNECE 1997b) 
Air dried soil (10g) was weighed into a polypropylene bottle and 50m1 distilled water added 
before shaking for 1 hour on a end-over-end shaker. A calibrated HANNA pH meter, fitted 
with a glass bulb electrode was used to record pH (H20). Each sample then received 4m1 
0.125M CaC12 solution (in order to make a 0.01M CaCl-2 solution). The shaking and analysis 
process was repeated and recorded as pH (CaC12). 
3.9.3 Total Nitrogen (Kjeldahl method) (Allen 1989) 
Composite soil samples from each plot were analysed for total nitrogen using the Kjeldahl 
method (Allen 1989; Gerhardt Ltd 2002) using a Gerhardt digester block and Vapodest 20 
distillation unit. 
Ig of air dried soil was weighed into a Pyrex digestion tube and l Oml of 98% H2SO4 (N free) 
plus 1 Kjeletab CX added to each sample before heating in a digestion block at 100% power 
for 5 mins, 0% power for 5 mins and 70% power for 40 mins. Samples received 70m1 
distilled water and 60ml NaOH before distillation under forced steam pressure into 50ml 
boric acid solution with indicator. The boric acid solution was back titrated with 
concentrated HCl and total nitrogen calculated. 
3.9.4 Organic Matter 
5g of bulkcd soil sample 
from each plot were weighed into a porcelain crucible and placed in 
a muffle furnace for 6 hours at a tenipcraturc of 
450°C, before removal and cooling in a 
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desiccator. Crucibles were re-weighed and organic matter calculated as a percentage of 
weight loss. 
3.9.5 Particle Size analysis (UNEP / UNECE 1997a) 
Soils with a pH of >6.8 required a pre-treatment step to remove carbonate. 20g soil and 
100ml acetate buffer were heated on a water bath to 100°C and buffer added in 25m1 
increments until effervescence stopped. After cooling and settling the supernatant was 
removed. Organic matter was removed by the addition of 15m1 increments of 30% H, O, on 
an 80°C water bath. Once complete 300m1 of water was added and boiled gently to remove 
any remaining H202. Contents were allowed to settle and the supernatant removed. 
Soil was transferred into a 11 polythene bottle and 20m1 dispersing agent (4% (NaPO)6 plus 
1% Na2CO3) and 400m1 water was added before shaking on an end-over-end shaker for 16 
hours. The solution was passed through a 63µm sieve into a 11 measuring cylinder and made 
to 11 volume. Soil remaining on the sieve was dried at 105 °C before fractional sieving for 
sand contents. Silt and Clay fractions were measured by pippeting 20ml of solution from 
sedimentation cylinders at temperature dependant predefined intervals and depths as 
indicated in the reference method (UNEP / UNECE 1997a). These fractions were dried at 
105 °C and % sand (<63 µm), silt (63 -2 µm) and clay (<2 pm) calculated. 
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3.10 Soil extraction procedures and analysis 
3.10.1 Introduction and rationale 
Risk assessments of contaminated soil need to address metal bioavailability. Strong acid 
extractions to give total or pseudo-total metal concentrations differ considerably to the 
proportion of the metals available for plant uptake; these fractions are hard to predict 
(Boudou 1996). Reasons for this relate to the many factors affecting metal speciation in the 
soil system such as pH, organic matter, complexation, adsorption and other factors discussed 
in Chapter 1. Extraction procedures using EDTA and DTPA originally developed for the 
assessment of nutrient status in soils on agricultural land may not be applicable to the 
historical anthropogenic metal contamination found in urban soils (Dickinson et al. 2000). 
A number of different extraction procedures have been suggested and are currently in use for 
assessing potentially bioavailable fractions of metal contaminants in soils, despite efforts to 
harmonise procedures (Quevauviller et al. 1996b). This subject is one of considerable 
debate and a full discussion is beyond the scope of this study, although extensively reviewed 
elsewhere (Chen et al. 1996; Quevauviller et al. 1996b; Ure 1996) 
The use of CaC12 as an extractant to simulate the bioavailability of heavy metals is strongly 
advocated as it matches soil solution with respect to pH, concentration and composition 
(Houba et al. 1996 ; Novozamsky et al. 1993) and is set to become a standard technique in 
some parts of Europe (Pueyo et al. 2003). Since one of the main factors for actual plant 
availability of metals in soils is pH, the use of neutral buffer solution is warranted as opposed 
to strong acid digests. CaC12 has been correlated with uptake in above ground plants, but the 
correlation was not valid at higher pH values (Brun et al. 1998). Different extractants will 
cause different impacts on different metals, and many brownfield soils may 
be contaminated 
with multiple metals. CaCl2 is a very weak extractant, removing water soluble or readily 
exchangeable forms. EDTA will also extract organically 
bound metals and carbonate forms. 
Even when extracting the same metal, different site, plant and soil 
interactions can generate 
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differing results. Brun found CaCl2 to be the best indication of Cu uptake into plants, where 
as Song et al. (2004) found 1M NH4NO3 or DGT more indicative of plant uptake compared 
to CaC12 and EDTA. 
EDTA is a common extractant and has been used extensively in estimating plant available 
concentrations as a single solution, but also as part of sequential extraction procedures. A 
short laboratory trial conducted as part of this study showed it was easier to use than DTPA, 
as recoverable quantities generated for analysis were higher. Although it may have 
limitations with respect actual plant available metals, this is compensated by its ease of use, 
wide variety of comparable data in other studies and the opportunity to provide new data on 
its behavior and practical use on a range of urban brownfield soils with multiple metal 
contaminants. 
Sequential extractions are common, but can be time consuming. Therefore a modified 
version of a short extraction procedure was adopted for this study. Soils were extracted with 
CaCI2 according to Maiz et al. (1997), but the second phase, originally using DTPA was 
replaced by an extraction procedure using EDTA as described in Quevauviller et al. (1996a), 
providing mobile (CaC12) and mobiliseable (EDTA) fractions. Full method details are 
provided below. 
3.10.2 Soil sequential Extraction Procedure 
Three grames of air dried soil was weighed into a 50m1 centrifuge tube and 30m1 of 0.01 M 
CaCI, added. Samples were shaken using an ELE laboratory end over end shaker 
for 2 hours. 
Samples were then centrifuged for 15 mins at 3000g before 25ml of supernatant was 
filtered 
though pre wetted Whatman 42 filter papers into sterile universals. 
Any remaining 
supernatant was discarded taking, care not to 
discard any soil. To each sample 30m1 0.05M 
EDTA solution was added and the samples were redistributed 
by shaking for a further 1 hour 
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before centrifuging, pipeting and filtering as described above 
prior to analysis 
Samples were stored at 4'C 
Soils samples from year 3 were not analysed for CaC1-, -extractable metals due to time 
constraints and very low recoveries, approaching detection limits, for many metals. This is 
discussed in Chapter 5. 
3.10.3 Metal Analytical equipment 
Analysis of all vegetation material and soil metals extracted using the CaC12 / EDTA process 
was conducted using Inductively Coupled Plasma - Optical Emission Spectrophotometery 
(ICP-OES). Sample analysis of Year 1 total soil metals extracted by HNO3 / HCl were 
analysed by Atomic Absorption Spectrometry (AAS). 
Year 1 CaC12, EDTA soils and Year 2 foliar samples were analysed using a Spectrohm ICP- 
OES based at the Environmental Analysis Laboratory at Forest Research, Farnham, Surrey. 
Year 3 soil EDTA, foliar and stem samples were analysed on a Perkin Elmer Optima 3300 
RL based at the NERC Analysis Centre, Royal Holloway, University of London. AAS 
determination was conducted using a Perkin Elmer AAnalyst 100 at Liverpool John Moores 
University, Biological and Earth Science department. 
For all analytical work, matrix matched standards were prepared and used for standardization 
or matrix correction. Reagent blanks were analysed approximately every 12 samples, and 
standard solutions analysed every 10 samples to check for instrument drift. In addition 
certified reference materials (CRMs) for known extraction procedures were used for HNO3 
soil analysis and all vegetation analysis at a frequency of approximately one every 25 
samples. Yttrium, at a concentration of 20ppm was added to samples analysed at the Forest 
Research as a further internal quality control check. 
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3.11 QA / QC Analytical testing 
Because ICP analysis of foliar, stem, EDTA and CaCz soil samples occurred at 2 different 
locations on 3 different time periods, it was critical to use Certified Reference Materials 
(CRMs) to ensure results were reproducible and comparable. 
CRM, NCS DC73349 `bush, branches and leaves' was obtained from Laboratory of the 
Government Chemist (LGC). CRM's were prepared in the same manner as other samples, 
approximately every 25 - 30 samples. 
Table 3.5 shows a summary of results from CRM analysis during analytical runs for foliar 
and stem samples. Table headings indicate separate runs conducted at Forestry Research 
(FR) and the NERC ICP facility (NERCx, where x refers to independent sampling times). 
Numbers of decimal places used are derived from CRM concentrations as listed in the 
certificate of analysis. CRM's in square brackets are non certified values only indicative 
values as shown on the CRM certificate of analysis. 
Table 3.5. Results of QC checks on plant material samples using Certified Reference 
Material NCS DC73349 on 3 different occasions. 
FR NERC I NERC 2 FR NERC I NERC 2 FR NERC I NERC 2 
As Cd Cu 
CRM 1.25 (0.1) n/a [0.38] 6.6 (0.4) 
Mean 1.57 1.25 1.05 0.78 0.79 0.88 6.6 6.9 6.9 
Min 0.72 0.14 0.65 0.72 0.73 0.85 6.2 5.5 5.2 
Max 2.89 2.34 1.80 0.90 0.84 0.91 7.7 8.0 8.4 
13 11 7 13 11 7 13 11 7 
FC NERC 1 NERC 2 FC NERC 1 NERC2 FC NERCI NERC 2 
Ni Pb Zn 
CRM 1.9 (0.2) 47(2) 55(2) 
Mean 2.0 1.8 1.8 51 50 50 53 54 55 
Min 1.3 1.3 1.5 47 44 42 50 45 43 
Max 3.2 2.1 2.5 54 55 55 62 63 65 
13 11 7 13 11 7 13 11 7 
Table headings indicate separate runs conducted at 1-orest Kesearctº (1-K) and the \txý_ 1LV taciLity 
(NERCx). Errors in certified values are in round brackets. Figures in square brackets are non- 
ccrtified \alues. All figures in mg k 
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No CRM's were available for CaC12 or EDTA soil extractions and in-house attempts to 
create a homoginised reference material were unsuccessful. To overcome this a series of 
approximately 20 samples from the initial analysis at Forest Research were also tested at the 
NERC facility to cross calibrate, showing no significant deviations. 
3.12 Statistical and computational analysis 
SPSS vii was used for statistical testing of ANOVA, t-test and correlations. CANOCO v4.5 
for windows was used for Principal Component Analysis and Microsoft Excel was used for 
producing ordination bi-plots and elliptical standard deviations from CANOCO output. 
SURFER v7 from Golden Software was used to create contour maps of contamination. 
`7 
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Chapter 4: Contaminant Mapping and Site Characterisation 
4.1 Introduction 
The aims of the site investigation were to accurately measure, describe and evaluate soil 
contamination and physico-chemical parameters and provide spatial profiles for each plot as 
a baseline for further monitoring and experimental work. Further consideration was given to 
the relevance of this data in the context of current UK guidance relating to land 
contamination. 
Detailed information on soil contaminants was required: 
1. To establish presence or absence of specific contamination types on the plot; 
2. To facilitate collection of reliable baseline data and as the basis for further 
investigations for this and future projects; 
3. To identify elevated hotspot areas and allow a targeted approach of selecting smaller 
experimental areas of each plot for more detailed investigation of soil / plant 
interactions. 
4.2 Sampling protocols - theory 
Within a commercial framework the quantity and nature of sampling required to quantify 
concentrations of contaminants is frequently driven by sampling and analytical costs coupled 
with the level, or probability required of accurately identifying contamination (Nortcliff 
2001; Ramsey et al. 2002). Information such as site walkovers, desk or visual inspections 
may influence the amount of field sampling required by making assumptions on likely 
patterns of contaminant distribution through a site conceptual model. In many cases it may 
be necessary to assume that no evidence for likely hotspots exists, especially if contaminant 
source areas cannot be identified, and all parts of the site should be treated has having an 
equal chance of containing a hot spot. This was the approach adopted iii designing a 
sampling re in'ic for the experimental sites in the present study, as initial sampling and desk 
studies, such as site histories, showed no obvious pattern of contaminant spread. 
Chapter 4- Contaminant Mapping and Site Characterisation 88 
The number of samples to be taken was calculated using a formula published by the former 
UK Department of the Environment (now DEFRA) (DoE 1994) that allows a statistical 
confidence of detecting a contamination hotspot to be calculated. This formula and sampling 
pattern is referred to in more recently derived guidance on soil sampling (BSI 2002). The 
theory of detecting a hotspot of a particular size may be an inaccurate way of examining sites 
that have relatively diffuse contamination patterns. What is required specifically for 
experimental purposes is the best possible resolution, within the realms of practical 
achievability, to allow accurate monitoring over the experimental duration, and allow future 
targeted monitoring of areas of interest. 
Full details of the sampling design process are described in Chapter 3. Plots were sampled 
and analysed for a range of total heavy metals by HN03 / HCl acid digestion. Results were 
used to create interpolated contour maps of contamination for each plot using the SURFER 
software package. 
This mapping technique is invaluable by providing an accurate visual representation of the 
contaminants present at each experimental plot as well as baseline data for site 
characterisation. This will allow a targeted approach to future assessments of tree and 
contaminant interactions, by identifying genuine contaminant hotspots and trees planted 
within them. 
Sampling at this density is unlikely to be achieved in any commercial site investigation, 
although it highlights the wider problem of mapping old, diffuse contaminants spread on a 
large scale. The issue of sampling at multiple depths is not considered 
in these 
investigations, mainly due to assumptions that contaminants are located near the surface. It 
is a commonly held principle that analysing 
for total metal content wv ith strong acids such as 
HNO3 and FICl is not be indicative of bioa%ailable content (Boudou 
1996), or the potential 
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for that element to pose a threat to the wider environment. This is discussed in Chapter 3 and 
later sampling and analysis considers these factors in some depth. However, the use of 
strong acid extractions and total metal concentrations is a universal method and the speed, 
simplicity and comparison with standard methods should be considered. In this study total 
metal data has been used as a screening tool to identify target areas of specific metal levels 
that would warrant further investigation of soil contamination by a range of different 
techniques. 
Brownfield Contamination 
Historical contamination of brownfield sites in this study may have been the result of the 
proximity of industrial processes since the late 18`h Century, including the disposal of waste 
materials. Over time sites may have been redeveloped or reused for different purposes, 
details of which are not contained in historical records. Liverpool has only half the 
inhabitants it did in the 1930s, and northern England has been going though a process of de- 
industrialisation and migration for decades. Brownfield sites have a significantly increased 
chance of contamination being unevenly distributed. 
At Merton Bank, a site in the present study, it is known that industrial waste was dumped 
around the turn of the century, although few records exist of what it was (Murphy 1979). 
Historical records show there have been a wide range of potentially contaminative industries 
in this area. Approximately 80 years later the site was landscaped and additional colliery 
spoil and sewage waste was incorporated. This offers the potential for a highly localised 
contamination hotpots of differing contamination types. 
4.3 Guidelines for contaminated soils 
Results from contamination investigations need to be compared to statutory definitions or 
guidelines to assess the level of contamination 
from a site and associated risks, constraints 
and nlal,, r`gcIllent 
of the land. In the UK contaminated land was defined in 2000 under Part 
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IIA of the 1990 Environmental Protection Act (see Chapter 1). Until recently the most 
frequently used set of guidelines to assess the significance of contamination was the Inter- 
Departmental Committee on the Redevelopment of Contaminated Land: Guidance Notes 
(59/83) (ICRCL 1987), which provided threshold concentrations for certain organic and 
inorganic substances. It defined threshold concentrations in relation to a variety of land uses, 
including those that were considered to be phytotoxic to plants. However, these guidelines 
were based partly on attempts to predict toxicological limits for clean soils under threat of 
being progressively contaminated, were frequently misinterpreted and were widely thought 
to be incorrect in relation to tree planting on contaminated sites (Dickinson et al. 2000) 
A new package of technical guidance for contaminated land was released in March 2002. 
CLEA (Contaminated Land Exposure Assessment) is a risk-based system of assessing 
human health risks arising from long-term exposure to contaminants in soil, and was derived 
to integrate fully with the new statutory definitions of contaminated land. Curiously, the 
need for a UK risk based approach to defining trigger concentrations was proposed and 
outlined by Simms and Beckett (1987), although it took a further 15 years to develop a UK 
regulatory system. In December 2002 the ICRCL guidance document was formally 
withdrawn from use (DEFRA 2002b). The CLEA guidelines are now the de-facto 
assessment tool for defining contaminated land, and although they consider receptors such as 
ecosystems and controlled waters the soil metal values are derived to protect human health. 
Each element of concern has been assessed and a soil guideline value (SGV) produced. No 
SGVs have been produced for Cu, Zn and other primarily phytotoxic elements, nor has 
consideration been given to phototoxicity thresholds in the same way as ICRCL. This 
provides several problems when trying to assess contaminated sites that may be suitable for 
phytoremediation, bioenergy or amenity woodland. 
Chapter 4 -- Contaminant Mapping and 
Site Characterisation 91 
4.3.1 Land Use and Guidance 
ICRCL and CLEA specify certain land use types and derive acceptable contaminant 
concentrations for that use. Many of the sites used in this experiment could easily fall 
between these categories. ICRCL Group A (Hazardous to human health) contained land use 
types; domestic gardens and allotments, or parks, playing fields & open space. Group B 
(phytotoxic) simply denotes `any land use where trees are used' (ICRCL 1987). CLEA 
considers three land uses; allotments, Residential or Industrial. Sites used in this experiment 
would seem to fit best into the Parks playing fields & Open Space category defined in 
ICRCL as many are classed as amenity or public open space. When using the CLEA 
guidance, the closest land use is residential, based on likely exposure scenarios. For certain 
elements the SGVs are sub-divided for residential with or without plant uptake. However, 
there are several important factors to consider when trying to define a land use and to apply 
SGVs. 
" It could be defined that a crop (SRC) is being grown on the land, although not for 
human consumption. Several parts of CLEA deal with uptake by plants for human 
consumption. Soil to plant concentration factors for uptake of contaminants to 
plants are based on literature reviews of garden vegetables of interest, not trees. 
0 If sites are considered specifically for public recreation, for example in the context 
of community forestry, then dermal, inhalation and oral ingestion pathways may be 
just as high as for domestic garden land use. This may be especially true in urban 
areas where people don't have gardens and use these spaces as play areas as you 
would a garden with the exception of growing produce. 
Research has been underway for some time by the Environment Agency to define exposure 
parameters for amenity and public access land, but no published guidance on this has been 
published to date. It must therefore he argued that whenever land is detailed for use as a 
public resource a `better sate than sorry' approach may need to apply to co% cr all 
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eventualities, especially as the public may be encouraged to use the site. If this is the case 
then several other pathways may need to be considered, such as wild fruit picking, pets using 
the site and motor biking. All these may increase the risk of human uptake of contaminants 
and it may not be feasible to build into an exposure model. The problem with ICRCL is that 
they are not risk based. CLEA SGVs include several risk based uptake pathways and must 
consider the most sensitive land use if a multi use site is realised. CLEA also allows for 
flexibility based on the perceived risk. For example if coppice is to be grown on land 
inaccessible to the public then different approach may be suitable rather than classing the 
land as residential, as the contaminant pathway is broken by not allowing access on the site. 
4.3.2 Application of Guidelines - CLEA and ICRCL 
The following tables compare the use of ICRCL guidelines to more recently derived CLEA 
SGVs for each contaminant of interest, indicating the differences in considerations such as 
land use, soil pH and the potential for plant uptake, as a consumption route. 
Table 4.1.1. Comparison of ICRCL and CLEA guideline values of total Cd in soil. All 
values in mg kg-' 
Cadmium ICRCL CLEA 
Gardens / Allotments (a) (b) 3 1@ pH6,2 pH 7,8 pH 8 
Parks and Open Space (a) 15 - 
Residential, with uptake - 1@ pH6,2 @ pH 7,8 @ pH 8 
Residential, NO uptake - 30 
Industrial - 1400 
Phytotoxic N/a - 
(a) Threshold values (b) For CLEA this section applies to allotments only 
If no vegetation is present for a consumption route then the only considered route is 
ingestion. However, problems may arise in amenity uses where wild edible fruits such as 
blackberries etc. grow, which may add a consumption pathway. At soil pH values of less 
that 6.5 CLEA recommends an assessment of bioavailability on a site by site basis. 
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Table 4.1.2. Comparison of ICRCL and CLEA guideline values of total As in soil. All values 
in mg kg-' 
Arsenic ICRCL CLEA 
Gardens / Allotments (a) (h) 10 20 
Parks and Open Space (a) 40 - 
Residential, with uptake - 20 
Residential, NO uptake - 20 
Industrial 
- 500 
Phytotoxic N/a - 
(a) Threshold values (b) For CLEA this section applies to allotments only 
Table 4.1.3. Comparison of ICRCL and CLEA guideline values of total Cu in soil. All 
values in mg kg' 
Copper ICRCL CLEA 
Gardens / Allotments (a) (b) N/a N/a 
Parks and Open Space (a) N/a - 
Residential, with uptake - N/a 
Residential, NO uptake - N/a 
Industrial - N/a 
Phytotoxic (c) 130 - 
(a) Threshold values (b) For CLEA this section applies to allotments only (c) ICRCL notes: pH 
assumed to be 6.5, if it falls toxic effects will be increased. Grass may not be affected at these 
concentrations. These are `worst case' scenarios in acid, sandy soils, at higher pH's phytotoxic effects 
are unlikely to occur at these concentrations. 
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Table 4.1.4. Comparison of ICRCL and CLEA guideline values of total Pb in soil. All 
values in mg kg-1 
Lead ICRCL CLEA (1) 
Gardens / Allotments (a) (b) 500 450 
Parks and Open Space (a) 2000 - 
Residential, with uptake - 450 
Residential, NO uptake - 450 
Industrial - 750 
Phytotoxic (c) N/a - 
(a) I hreshold values (b) For CLEA this section applies to allotments only 
(1) Values apply to the geometric mean of soil concentrations across a site 
Table 4.1.5. Comparison of ICRCL and CLEA guideline values of total Ni in soil. All values 
in mg kg-' 
Nickel ICRCL CLEA 
Gardens / Allotments (a) (h) N/a 50 
Parks and Open Space (a) N/a NA 
Residential, with uptake - 50 
Residential, NO uptake - 75 
Industrial - 5000 
Phytotoxic (c) 70 NA 
(a) Threshold values (b) For CLEA this section applies to allotments only (c) ICRCL notes: pH 
assumed to be 6.5, if it falls toxic effects will be increased. Grass may not be affected at these 
concentrations. These are `worst case' scenarios in acid, sandy soils, at higher pH's phytotoxic effects 
are unlikely to occur at these concentrations. 
At soil pH values outside 6-8 CLEA recommends an assessment of bioavailability on a site 
by site basis. There is some possibility of uptake related to pH, 
but data is not conclusive. 
Interestingly ICRCL did not consider Ni in its Group A hazardous to human health, only 
phytotoxic, CLEA defines it as harmful to 
human health. 
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Table 4.1.6. Comparison of ICRCL and CLEA guideline values of total Zn in soil. All 
values in mg kg 
Zinc ICRCL CLEA 
Gardens / Allotments (a) (b) Nia Na 
Parks and Open Space (a) N/a - 
Residential, with uptake - N/a 
Residential, NO uptake - N/a 
Industrial 
- N/a 
Phytotoxic (c) 300 - 
(a) I nresnold values (b) For CLEA this section applies to allotments only (c) ICRCL notes: pH 
assumed to be 6.5, if it falls toxic effects will be increased. Grass may not be affected at these 
concentrations. These are `worst case' scenarios in acid, sandy soils, at higher pH's phytotoxic effects 
are unlikely to occur at these concentrations. 
4.3.3 Risk-based assessment of contaminated land 
Metal concentration SGVs do not address a number of important factors associated with 
contaminated land, including: 
" cumulative impacts (e. g. with pesticides or other toxic compounds) 
" synergistic interactions between different chemicals 
0 uptake and redistribution of metal contaminants within ecosystems 
" risks to overall food web 
" risks through bio-magnification 
One possibility is to use CLEA derived models and concepts in conjunction with other Risk 
Assessment Tools, for example those developed for commercial market, such as SNIFFER, 
the RBCA toolkit, or BP RISC. Human-health risk models have been expanded to 
qualitatively consider interactive risk issues. These include: 
0 Ecological-Risk Assessment 
" Cumulative effects from common contaminants normally 
found in urban 
environments (e. g. blood lead) 
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In Canada and Australia a quantitative ecological-risk assessment (ERA) has recently been 
introduced. This considers, for example, rare and threatened species on the site. There is no 
current EC guidance for ERAS, although the Netherlands has introduced Ecological 
Intervention Values and considers several holistic ecosystem and ecotoxicological functional 
monitoring approaches (van Straalen 2002). The Environment Agency has recently 
proposed ERA methodology for the UK, with a discussion and consultation document 
(Sublethal Ecotoxicological Tests for Measuring Harm to Terrestrial Systems) released in 
December 2003 (Environment Agency 2003). Their stated aim is to develop a coherent and 
consistent approach for assessing risks to ecosystems from contaminated soil. 
Perhaps the best interpretation of the current state of the art is to suggest that a combination 
of risk assessment models and methodologies supported by the latest relevant research and 
guidance provide a comprehensive risk assessment for contaminated sites. In an increasingly 
litigious framework of `toxic tort' the emphasis will be to prove that no significant risk is 
present from site contaminants if the public are to be allowed unrestricted access. 
4.4 Contamination data analysis and presentation 
Results from the analysis of soil samples collected from each plot are presented in Tables 4.2 
to 4.9. These data were used in order to create interpolated contour contamination maps of 
each plot for the range of elevated metals: As, Cd, Cu, Ni, Pb, Zn. In several plots, where 
elements were below or at limits of detection, especially concentrations of As and Cd, maps 
were not constructed. All soils were mapped for Cu, Ni, Pb and Zn. 
Maps were created using the software program SURFER (Golden Software 2002). creating a 
visual indication of contamination levels for each plot. In addition to quantifying heavy 
metal concentrations. other soil properties such as pH, organic matter, Particle Size 
Distribution and Total Nitrogen (Chapter 3) are presented alongside contamination data. 
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Data tables also compare the contamination results to guideline figures discussed earlier in 
the chapter, showing the number and percentage of individual samples exceeding the 
relevant guideline values. In the case of CLEA guidelines, consideration is also given to the 
mean contaminant concentration and if this falls below the Soil Guideline value (SGV) as a 
way of averaging exposure. Due to variation and uncertainties with the mean a direct 
comparison could be misleading. Statistical tests can help improve the reliability of soil 
sampling techniques (CL: AIRE 2004). The CLEA publication CLR 7 recommends 
comparing the upper 95th percentile with the SGV. If the calculated upper 95 `h percentile 
(US95) is less than the soil SGV then contamination levels can be considered to fall below 
the relevant guideline (DEFRA and Environment Agency 2002a). For all elements with the 
exception of Pb the US95 is based on arithmetic mean, for Pb the geometric mean is used 
due to the way lead is modeled within the CLEA framework. This test should, however, be 
treated with caution and high point sources or other areas may require further investigation, 
such as maximum value tests also provided in CLR 7. 
The results of soil contamination have been compared to CLEA SGV values as well as 
ICRCL phytotoxic, or when no phytotoxic level is given, to allotments / domestic gardens, as 
the most sensitive land use. Even though ICRCL values have officially been withdrawn 
these were the original guidelines in place when work commenced on this project, and 
remain the only published guidelines in relations to phytotoxicity. The CLEA values for 
gardens / allotments have been used for the reasons described above, although in several 
cases this seldom differs from the residential land use. 
One significant use of the contamination maps was to define areas of the plot with consistent 
elevated contaminant levels, thus creating hotspots in which to carry out more detailed 
monitoring of soil / plant interactions. Using the maps, genuinely elevated areas were 
defined and amalgamated to consider all elements. as shown in figure 4.10.1. This process 
was partly subjective, but as tar as practicable covered all elements and in many cases hot 
Chapter 4 -- Contaminant Mapping and 
site Characterisation 98 
spots were synergistic, indicating patches of waste material or similar. From within these 
areas a range of tree species were selected that, (i), fell within the hotspot area and adjacent 
to a soil sampling point and, (ii), reflected all species in equal measure across the plot. These 
were final experimental units, and have been defined by the red and blue circles in the 
example figures 4.5.3 and 4.4.2. Red circles received a full compliment of monitoring over 
3 years, the blue areas were monitored at a lesser frequency. Details of this monitoring are 
given in Chapter 5. 
The data are presented by site and then by individual element. Scales have been 
standardised for each element. For each map the sample code is printed above the line and 
the actual element concentration for each point given below the sample point symbol in mg 
kg-'. Where sufficient data exists maps will also show pH variation across the plot. 
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4.4.1 Cromdale Grove 1 contamination distribution 
Table 4.2. Total soil metal concentrations (mg/kg) and physiochemical parameters at 
Cromdale Grove 1 (CRMI) at beginning of project (Year 1) 
RM I As Cd Cu Ni Pb Zn 
Number 47 71 71 71 71 
MIN 0.0 10.4 10.1 62.2 56.2 
MAX 1.0 883.5 109.4 560.1 826.6 
rth. Mean 0.3 124.4 57.8 215.4 298.1 
Geo. Mean 0.3 94.4 50.2 198.3 253.9 
Median 0.3 90.4 63.5 208.5 248.7 
ICRCL 102 32 1301 701 5002 300' 
CLEA 20 1 n/a 50 450* n/a 
No > ICRCL 0 19 27 2 27 
No > CLEA 0 n/a 44 No n/a 
%> ICRCL 0% 27% 38% 3% 38% 
%> CLEA 0% n/a 62% No n/a 
Mean > SGV No n/a Yes No* n/a 
US95 < SGV PASS n/a FAIL PASS* n/a 
[' ICRCL phytotoxic limits; ` ICRCL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95th percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (1-120) 
Site 
CRM 1 
n MIN MAX Mean Bulk Samp 
23 4.88 7.67 6.38 6.83 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
CRM 1 13.1 28.9 58.0 Sandy silt loam 
Organic Matter 
LOI% 
11.15 
Total NI en 
%N 
0.280 
Cromdale Grove is predominantly contaminated with Cu, Ni and Zn above ICRCL 
phytotoxic levels. Cu and Zn show several high values and similar hotspot dispersion. Soil 
pH is highly variable across the plot, possibly caused by patches of poorly incorporated 
colliery spoil. The site has relatively high total nitrogen, probably 
due to a combination of 
local atmospheric NO, deposition, fertiliser application and dog excrement. 
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Figure 4.2.1. Contamination maps for Cromdale Grove 
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Figure 4.2.2. Notspot definition and intensive experimental areas on CRM 1 
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4.4.2 Fazakerley 1 contamination distribution 
Table 4.3. Total soil metal concentrations (mglkg) and physiochemical parameters at 
Fazakerley 1 (FAZI) at beginning of project (Year 1) 
FAZ 1 As Cd Cu Ni Pb Zn 
Number 38 39 39 39 39 
MIN 0.1 95.1 24.0 228.4 159.3 
MAX 4.2 404.7 66.9 1102.6 536.1 
rth. Mean 1.8 224.0 49.6 557.0 338.4 
Geo. Mean 1.4 217.3 48.7 533.8 329.8 
Median 1.7 225.6 49.9 557.2 327.1 
ICRCL 102 32 1301 701 5002 3001 
CLEA 20 2 n/a 50 450* n/a 
No > ICRCL 6 37 0 23 28 
No > CLEA 14 n/a 19 Yes n/a 
%> ICRCL 16% 95% 0% 59% 72% 
%> CLEA 37% n/a 49% Yes n/a 
Mean > SGV No n/a No Yes* n/a 
US95 < SGV FAIL n/a FAIL FAIL* n/a 
[' ICRCL phytotoxic limits; ` ICRCL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95`x' percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (1-120) 
Site n MIN MAX Mean Bulk Samp 
FAZ 1 21 7.07 8.12 7.59 7.31 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
FAZ 1 16.3 19.6 64.1 Silt loam 
Organic Matter 
LOI % 
6.88 
Total Nitrogen 
%N 
0.225 
Faz I shows contamination from all elements tested, particularly Cu, Pb and Zn. Broadly 
speaking these elements are dispersed diffusely with no easily recognisable hotspots. 
Several high point sources are shown for Pb, but these are inconsistent with the surrounding 
elevated areas. The location of this plot within five metres of a 
busy urban road may account 
for a high, diffuse level of lead. Other elements may be present 
historically in sewage sludge 
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products that have been dumped on the site over a long time period, becoming well mixed, 
especially due to recent landscaping at the site. 
Figure 4.3.1. Contamination snaps for FAZI 
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Figure 4.3.1. Contamination maps for FAZJ (con 't) 
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Figure 4.3.2. Soil pH snap of FAZ 1 
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4.4.3 Fazakerley 2 contamination distribution 
Due to different experimental treatments on the FAZ 2 plot, each treatment is considered 
separately when reported below, although maps have been produced for the entire plot with 
individual treatments indicated. For full details of treatment design and layout refer to 
Chapter 3. 
Table 4.4. Total soil metal concentrations (mg/kg) and physiochemical parameters at 
Fazakerley 2 Control Treatment (FAZ2 CON) at beginning of project (Year 1) 
FAZ 2 (CON) As Cd Cu Ni Pb Zn 
Number 24 24 24 24 24 
MIN 3.7 144.4 24.7 249.5 108.5 
MAX 7.9 399.0 47.1 624.3 331.0 
Mean 6.1 307.7 34.9 463.9 251.1 
Median 6.3 320.3 33.3 469.7 265.3 
ICRCL 102 32 1301 701 5002 3001 
CLEA 20 1 n/a 50 450 (avg) n/a 
No > ICRCL 0 24 24 0 10 5 
No > CLEA 0 24 n/a 0 Yes n/a 
%> ICRCL 0% 100% 100% 0% 42% 21% 
%> CLEA 0% 100% n/a 0% Yes n/a 
[' ICRCL phytotoxic limits; ` ICRCL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95`h percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (H20) 
Site n MIN MAX Mean Bulk Samp 
FAZ 2 CON 10 5.94 7.49 6.57 6.86 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
FAZ 2 CON 11.2 13.9 74.9 Silt loam 
Organic Ma 9r . 
LOI% 
6.91 
Total Nitrogen 
%N 
0.226 
Control areas of the plot are significantly contaminated with Cd and Cu, with some lead and 
a small amount of Zn. It is not certain if these are high background levels for the control 
areas (eg: from previous sludge dumping), or if cross contamination has occurred from 
neighboring treatments. Soil pH is slightly more neutral than in the other treatments. 
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Table 4.4.1. Total soil metal concentrations (mg/kg) and physiochemical parameters at 
Fazakerley 2 Sewage Cake Treatment (FAZ2 CAK) at beginning of project (Year 1) 
AZ 2 (CAK) As Cd Cu Ni Pb Zn 
Number 18 18 18 18 18 
MIN 4.1 147.5 19.8 157.6 104.2 
MAX 7.1 408.9 50.2 564.3 463.1 
Mean 5.7 273.0 34.4 393.5 228.8 
Median 5.7 274.2 33.9 436.2 236.4 
ICRCL 102 32 1301 701 5002 3001 
CLEA 20 1 n/a 50 450 (avg) n/a 
No > ICRCL 18 18 0 1 1 
No > CLEA 18 n/a 1 No n/a 
%> ICRCL 100% 100% 0% 6% 6% 
> CLEA 100% n/a 6% No n/a 
[' ICRCL phytotoxic limits; ` ICRCL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95`h percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (H20) 
Site n MIN MAX Mean Bulk Samp 
FAZ 2 CAK 7 5.70 7.05 6.37 6.25 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
FAZ 2 CAK nt nt nt 
Organic Matter 
LOI % 
7.15 
Total Nitrogen 
%N 
0.260 
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Table 4.4.2. Total soil metal concentrations (mg/kg) and physiochemical parameters at 
Fazakerley 2 Sewage Sludge Treatment (FAZ2 SLU) at beginning ofproject (Year 1) 
FAZ 2 (SLU) As Cd Cu Ni Pb Zn 
Number 17 17 17 17 17 
Min 5.0 51.5 23.6 304.8 202.5 
Max 7.7 373.0 178.5 555.3 312.7 
MEAN 6.0 282.1 42.6 421.2 272.0 
Median 6.0 300.0 34.8 409.0 274.5 
ICRCL 102 32 1301 701 5002 3001 
CLEA 20 1 n/a 50 450 (avg) n/a 
No > ICRCL 1 17 16 1 2 5 
No > CLEA 0 17 n/a 1 No n/a 
%> ICRCL 0% 100% 94% 6% 12% 29% 
%> CLEA 0% 100% n/a 6% No n/a 
ILKUL phytotoxiC limits; ` ICRUL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95th percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (H20) 
Site n MIN MAX Mean Bulk Samp 
FAZ 2 SLU 6 5.11 7.23 6.12 6.02 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
FAZ 2 SLU nt nt nt 
Organic Matter 
LOI % 
nt 
Total Nitrogen 
%N 
0.282 
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Figure 4.4.1. Contamination maps for FAZ2 
Cadmiu m Copper 
CON SLU CAK SLU CON CAK CON 
v vu 
Aý ALL 4; J AA 2w 4- 4U 
4.7 4.2 43 4.1 $A 
323 
Kv 
T 
Sh &1 53 S? SA 
we 
IM 2w T 346 w '' M Y 
zog 
4 
ýý 
iä sY ` 
57 1 4.7 34, 
m 
'Ti 
T of 
14 -r IV IV, T 
4.1 "J I-0 $A Sl S] 307 312 2w 341 
IOrr. 
6.3 
Ä 
54 
2 4 
$A 31! 313 
f 
M 
i 
no 
m 
r; M' IV, 7 8-5 32 ; 4.1 6.1 6j 06 300 
6 5 
pý 
6 0 
ý] 
711 lTb 1fß 323 
. . 
-1 - 
V 
5t m l, m 
`M 
00 05 10 15 20 25 30 3 5 40 45 50 55 60 85 70 75 80 0 100 200 300 400 600 700 am 900 1000 1100 
Lead Nickel 
1 
0C1 C? V ,f 0111 
M/" 
"M 
a17 MpX 
`7 
Mt M7 y/ 
f 11ý ý11 1 
IS vu 
X 
31 
Pa MY % 
431 363 36 13 m 
361 31 
461 476 414 354 43 3.43 32 
. 3.5` wem 
, 
It V- re 
la. 
1 40 770 )71 . 1M 
Y7 f 
7+24 1 1l"i 
3, 
;' 
a 1} ,s . 14 
0 lU f00 100 ! 00 t00D 1700 1W Mm Im 7m0 
0 10 40 p 100 im 140 1S1! 0 
Chapter 4- Contaminant Mapping and Site Characterisation 109 
Figure 4.4.1. Contamination maps for FAZ2 (con 't) 
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Figure 4.4.2. Soil pH map of FAZ 2 
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4.4.4 Kirby Moss contamination distribution 
Table 4.5. Total soil metal concentrations (mg/kg) and physiochemical parameters at Kirby 
Moss (KIR1) at beginning of project (Year 1) 
IR 1 As Cd Cu Ni Pb Zn 
Number 33 33 33 32 33 
MIN 0.2 32.0 12.2 16.8 61.9 
MAX 3.4 177.3 37.8 169.0 199.3 
rth. Mean 2.2 86.3 25.2 49.9 100.2 
Geo. Mean 2.0 79.2 24.4 44.5 93.9 
Median 2.3 82.5 25.7 44.0 85.7 
ICRCL 102 32 1301 701 5002 3001 
CLEA 20 1 n/a 50 450* n/a 
No > ICRCL 6 5 0 0 0 
No > CLEA 31 n/a 0 No n/a 
%> ICRCL 18% 15% 0% 0% 0% 
%> CLEA 94% 0% 0% n/a n/a 
Mean > SGV Yes n/a No No* n/a 
US95 < SGV FAIL n/a PASS PASS* n/a 
[' ICRCL phytotoxic limits; ` ICRCL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95`x' percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (H20) 
Site n MIN MAX Mean Bulk Samp 
KIR 1 14 5.50 6.68 6.23 6.35 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
KIR 1 7.5 9.7 82.8 Silt Loam 
Organic Matter 
LOI % 
5.56 
Total Nitrogen 
%N 
0.135 
Cd and Cu are slightly elevated in KIR 1, all other elements are low. Although 94% of Cd 
results are higher than the CLEA SGV (which is low due to the sites low pH), this is only a2 
mg kg"' decrease from the ICRCL limits but makes a large impact on the way the site is 
perceived. Due to Kirby Mosses remote location it is unlikely to have as much access as 
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other urban sites, and the SGV's quoted here would undoubtedly allow an increase if a 
different land use were adopted. 
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Figure 4.5.1. Contamination maps for KIR 1 
Cadmium 
fly, 
14 
21 L3 
 
l. / ]D L2 
21 
vii 
7.0 
21 
Om 7m 14.21. 
00 05 10 15 20 25 30 35 40 45 50 66 60 66 70 75 80 
Nickel 
11 70 40 00 A too 
130 140 too '00 
Copper 
0 '00 200 3 400 500 SDO 700 EX 900 , OUI 
Lead 
0 200 . oo wo boo loon ino 1400 low 'aa ]oM 
Chapter 4- Contaminant Mapping and Site Characterisation 113 
Figure 4.5.1. Contamination maps for KIR 1 (cont) 
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4.4.5 Merton Bank 1 contamination distribution 
Table 4.6. Total soil metal concentrations (mg/kg) and physiochemical parameters at 
Merton Bank 1 (MERZ) at beginning of project (Year 1) 
MER 1 As Cd Cu Ni Pb Zn 
Number 72 72 72 71 71 
MIN 5.1 23.4 22.3 38.6 27.8 
MAX 5265.6 144.8 41.4 394.7 339.2 
rth. Mean 642.0 62.6 32.7 117.5 135.5 
Geo. Mean 311.6 58.7 32.4 99.0 120.7 
Median 297.7 55.0 33.2 98.2 114.1 
ICRCL 102 32 1301 701 5002 3001 
CLEA 20 2 n/a 50 450* n/a 
No > ICRCL 71 2 0 0 1 
No > CLEA 71 n/a 0 No n/a 
%> ICRCL 99% 3% 0% 0% 1% 
%> CLEA 99% n/a 0% No n/a 
Mean > SGV Yes N/a n/a No No* n/a 
US95 < SGV FAIL n/a PASS PASS* n/a 
[' ICRCL phytotoxic limits; ` ICRCL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95`h percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (H20) 
Site n MIN MAX Mean Bulk Samp 
MER 1 22 6.95 7.80 7.32 7.35 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
MER 1 19.8 32.0 48.3 Clay Loam 
Organic Matter 
LOI % 
8.75 
Total Nitrogen 
%N 
0.241 
Arsenic is highly elevated in a well defined hotspot at one edge of the plot, at the top of the 
bank. No other elements are elevated in a significant manner. 
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Figure 4.6.1. Contamination maps for MER 1 
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Figure 4.6.1. Contamination maps for MER 1 (cont'd) 
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Figure 4.6.2. Soil pH snap of MER I 
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Figure 4.6.3. Hotspot definition and intensive experimental areas on MER 1 
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4.4.6 Merton Bank 2 contamination distribution 
Table 4.7. Total soil metal concentrations (mg/kg) and physiochemical parameters at 
Merton Bank 2 (MER2) at beginning of project (Year 1) 
MER 2 As Cd Cu Ni Pb Zn 
Number 36 36 36 36 36 36 
MIN 114.9 0.0 55.2 25.9 120.5 102.9 
MAX 4611.9 4.5 1146.5 62.8 3641.5 729.8 
rth. Mean 878.6 1.8 280.1 46.3 1116.9 248.2 
Geo. Mean 615.3 1.4 194.0 45.4 719.6 212.4 
Median 638.1 1.8 176.0 44.4 710.6 181.1 
ICRCL 102 32 1301 701 5002 3001 
CLEA 20 2 n/a 50 450* n/a 
No > ICRCL 36 5 21 0 21 10 
No > CLEA 36 13 n/a 13 Yes n/a 
%> ICRCL 100% 14% 58% 0% 58% 28% 
%> CLEA 100% 36% n/a 36% Yes n/a 
Mean > SGV Yes No n/a No Yes* n/a 
US95 < SGV FAIL PASS n/a PASS FAIL* n/a 
[' ICRCL phytotoxic limits; ` ICRCL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95`x' percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (H20) 
Site n MIN MAX Mean Bulk Samp 
MER 2 17 6.99 7.78 7.48 7.43 
Soil Particle Size Distribution 
Site % Cla % Silt % Sand Soil Type 
MER 2 21.1 37.2 41.7 Clay loam 
Organic Matter 
LOI % 
13.11 
Total Nitrogen 
%N 
0.298 
Consistent with all Merton Bank sites, As is highly elevated on this plot, with 100% of 
samples over guidelines, and a maximum concentration over 230 times the SGV limits. 
Lead and copper show well defined elevated areas, and to a lesser extent so does Zinc. 
These four elements show similar geography in location of the hotspots, showing the 
elements appear to be present together. Cadmium and Nickel are present in relatively very 
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small amounts, although the application of different guidelines (i. e.: CLEA over ICRCL) can 
alter significantly the percentage of sampling points exceeding guidance limits. 
Figure 4.7.1. Contamination maps for MER 2 
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Figure 4.7.1. Contamination maps for MER 2 (cont'd) 
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Figure 4.7.2. Soil pH map of MER 2 
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4.4.7 Merton Bank 3 contamination distribution 
Table 4.8. Total soil metal concentrations (mg/kg) and physiochemical parameters at 
Merton Bank 3 (MER3) at beginning of project (Year 1) 
ER 3 As Cd Cu Ni Pb Zn 
No 69 63 68 67 68 69 
MIN 4.9 0.0 29.1 10.9 70.4 2.8 
MAX 2888.7 4.8 484.5 57.5 1770.4 1303.3 
rth. Mean 676.5 1.8 140.5 33.3 424.6 164.2 
Geo. Mean 401.5 1.5 116.6 31.5 301.1 125.1 
Median 424.6 1.6 114.3 34.1 256.0 128.6 
ICRCL 102 32 130' 70' 5002 3001 
CLEA 20 2 n/a 50 450* n/a 
No > ICRCL 68 7 29 0 20 3 
No > CLEA 68 53 n/a 4 No n/a 
%> ICRCL 99% 11% 43% 0% 29% 4% 
%> CLEA 99% 84% n/a 6% No n/a 
Mean > SGV Yes No n/a No No* n/a 
US95 < SGV FAIL PASS n/a PASS PASS* n/a 
L- ILKUL pnytotoxic limits; - ILKUL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95`x' percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (H20) 
Site n MIN MAX Mean Bulk Samp 
MER 3 22 5.80 7.58 6.97 7.24 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
MER 3 19.4 38.3 42.3 Clay Loam 
Matter 
LOI% 
nt 
Total Nitrogen 
%N 
0.221 
As, Cu and to some extent Zn show a similar hotspot geometry, indicating elements are 
present in the same areas. Pb shows two well defined hotspots, but their location is 
independent to the elements mentioned above. Cd, although elevated, shows a diffuse 
pattern. 
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Figure 4.8.1. Contamination maps for MER 3 
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Figure 4.8.1. Contamination maps for MER 3 (cont'd) 
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Figure 4.8.2. Soil pH map of MER 3 
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4.4.8 Sugar Brook 1 contamination distribution 
Table 4.9. Total soil metal concentrations (mg/kg) and physiochemical parameters at Sugar 
Brook 1 (SUG1) at beginning of project (Year 1) 
UG 1 As Cd Cu Ni Pb Zn 
Number 14 14 14 14 14 
MIN <Id 38.6 19.1 108.8 127.5 
MAX 1.5 75.7 38.4 484.8 372.8 
rth. Mean 0.3 52.9 30.3 174.1 189.2 
Geo. Mean N/a 52.0 29.8 160.0 181.0 
Median 0.4 53.3 32.0 149.7 184.2 
ICRCL 102 32 1301 701 5002 3001 
CLEA 20 1 n/a 50 450* n/a 
No > ICRCL 0 0 0 0 1 
No > CLEA 3 n/a 0 No n/a 
%> ICRCL 0% 0% 0% 0% 7% 
%> CLEA 21% n/a 0% No n/a 
Mean > SGV No n/a No No* n/a 
US95 < SGV PASS n/a PASS PASS* n/a 
[' ICRCL phytotoxic limits; ` ICRCL trigger concentrations for domestic gardens / allotments] 
Mean > SGV: Mean soil concentration higher than CLEA SGV for the element. 
US95 < SGV: Is upper 95`x' percentile of mean soil concentration below (pass) or above (Fail) SGV. 
* Based on geometric mean. Comparisons use geometric mean not arithmetic. (see Section 4.6 for 
full explanation of these terms). 
pH (H20) 
Site n MIN MAX Mean Bulk Samp 
SUG I nt nt nt 5.38 
Soil Particle Size Distribution 
Site % Clay % Silt % Sand Soil Type 
SUG 1 10.3 13.9 75.7 Silt loam 
Organic Matter 
LOI % 
nt 
Total Nitrogen 
%N 
0.151 
SUG I shows no significant contamination from any element. Where Cd has exceeded 
guidance on 3 occasions is more likely result of 
detection limitations and mean 
concentrations are very low. 
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Figure 4.9.1. Contamination maps for SUG I. 
1 A-[ 00 05 10 15 20 2z0 3,0 3.5 4.0 45 5.0 6.5 e. 0 65 7.0 75 00 
Nickel 
0 10 20 30 40 60 60 70 60 90 100 110 120 130 140 190 100 ¶70 ¶60 
Copper 
0 100 2OD 300 400 500 600 700 600 900 100D 1100 
Lead 
0 200 400 pp 800 1OO0 120 1400 IM 1800 1M 
Chapter 4- Contaminant Mapping and Site Characterisation 128 
Cadmium 
oý ý°" 
Figure 4.9.1. Contamination maps for SUG 1 (cont'd) 
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Figure 4.10.1.3D stacking of maps used for visual contamination comparison and hotspot 
definition. Example shown is CRMJ 
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4.5 Site contamination summary 
Table 4.10. Summary of experimental plots that pass or fail under CLEA guidance. 
As Cd Cu Ni Pb Zn 
CRM I nt Pass N/a (E) FAIL Pass N/a (E) 
FAZ I nt FAIL N/a (E) FAIL FAIL N/a (E) 
KIR I nt FAIL* N/a Pass Pass N/a 
MER 1 FAIL Pass N/a Pass Pass N/a 
MER 2 FAIL Pass N/a (E) Pass FAIL N/a (E) 
MER 3 FAIL Pass N/a (E) Pass Pass N/a 
SUG 1 nt Pass N/a Pass Pass N/a 
(E) No CLEA SGV, but elevated under ICRCL phytotoxic guidelines 
* Marginal fail, would pass under more realistic land use criteria 
nt not tested 
Table 4.10 shows a summary of the data shown in tables 4.2 to 4.9 indicating if plots would 
exceed (Fail) or fall below (Pass) critical values when comparing the US95 to the selected 
CLEA guideline figure for the plot / site combination. FAZ 2 has been excluded due to the 
different experimental amendments added to the site. Those sites that fail this test could 
deemed to be contaminated under CLEA guidance, and would certainly require closer 
scrutiny. However, this exercise can only act as a screening tool, for a site to be designated 
as contaminated a conceptual site model must be constructed to identify pathways that the 
contaminant could reach a statutory receptor, such as humans, protected ecosystems or 
controlled waters. This task cannot be considered in the framework of this study. If this 
pathway is established the site may be designated as contaminated under current UK 
legislation. 
In many cases the CLEA guidance may not allow for a particular exposure scenario (e. g. 
recreational land) and in this case a site specific risk assessment should be carried out to 
ascertain the actual risk to those using the site, or other receptors such as ecosystems and 
watercourses. This step would be of critical importance if allowing public access to the land 
or developing the land in any way where exposure to soil contaminants would be an issue. 
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4.6 Contaminant mapping by element 
This section presents the overall distribution of each element on all experimental plots. 
Arsenic 
Figure 4.11. Contamination maps for arsenic (As) at different experimental plots 
Arsenic 
0 500 loon 1500 2000 2500 3000 30 4000 4500 5000 
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Cadmium 
Figure 4.12. Contamination maps for cadmium (Cd) at different experimental plots 
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Copper 
Figure 4.13. Contamination maps for copper (Cu) at different experimental plots. 
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FAZ2 
Lead 
Figure 4.14. Contamination maps for lead (Pb) at different experimental plots. 
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Nickel 
Figure 4.15. Contamination maps for nickel (Ni) at different experimental plots 
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MER 1 
Zinc 
Figure 4.16. Contamination maps for zinc (Zn) at different experimental plots 
Zinc 
1300 
1200 
1100 
1000 
900 
800 
700 
600 
500 
400 
300 
200 
100 
0 
Chapter 4- Contaminant Mapping and Site Characterisation 
137 
CRM 1, 
r 
I FAZ 1 
Soil pH 
Figure 4.17 - Maps of soil pH at different experimental plots 
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4.7 Interpretation of maps 
Maps showing contamination by element across all plots in figures 4.10 to 4.16 give an 
indication of the large spatial variation that can occur for an individual element on the same 
plot. This is most prominent when considering the plots on Merton Bank. Although each 
plot is no more than 80m from each other they show extreme variation for almost every 
element mapped. 
Fundamental questions necessary to consider in interpretation of the contamination maps and 
onward investigations include: 
" Are contaminant levels likely to inhibit or affect the growth of trees 
" Is the site safe to allow a certain level of access to the public? 
Answers to these questions will depend on the present and future use of the site, its location, 
proximity to people, wider ecological risks and other environmental issues. 
The maps show that metal concentrations can vary dramatically over relatively small 
distances, and that hotspots could easily be masked through composited or less extensive 
sampling regimes. Localised hotspots may have several origins, including waste dumping or 
localised point sources, such as a leachate outbreak from landfills. The results suggest that 
high variation over a small area may be typical of urban brownfield sites and indicative of 
sites with diffuse sources of contamination where no accurate records of the source and 
timing of contamination exists. This does make accurate site characterisation difficult and 
calls into question some of the sampling methods and standard protocols that are commonly 
used in site investigations. 
Although it is clear that ICRCL limits are both outdated and inaccurate when relating to 
phvtotoxicity of trees. they still prow ide one of the few existing benchmarks of 
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contamination. At the very least, they provide a pragmatic guide and may demonstrate a 
significant deviation from background soil concentrations of metals. Their replacement with 
CLEA takes no account of either trees or, more specifically public access amenity spaces, 
leaving a void in the planning and regulatory system. 
4.8 Conclusions and discussion 
The sampling and mapping techniques used have been successful in allowing a focused 
approach for future monitoring. Identifying a range elevated metal hotspots and species 
growing on them will allow more focused and relevant monitoring in a large scale field 
expenment. 
The mapping study has demonstrated the highly variable nature of brownfield soils over a 
small spatial distances. The spatial variability probably reflects historical dumping and 
reclamation practices and the results reinforce the importance of correct sampling 
procedures. Sampling at lower densities such as 20m intervals as suggested in some 
guidance may allow hotspots to be missed altogether, providing additional risk for the 
environment and people using the site. 
Issues concerning sampling type, locations, numbers, nature of hazard and possible risk are 
all considerations for any sampling exercise on contaminated land, and will frequently be 
driven by cost and end use of the land (Andronikov et al. 2000; Bacon and Hudson 2001; 
Nortcliff 2001) 
The data outline potential flaws in the current regulatory system of defining contaminated 
land in the context of community orientated projects. Although a human health, risk based. 
model is welcome compared to previous guidance. the lack of a range of land use types is 
likely to cause problems. At its most simplistic this will either under or overcompensate by 
forcing an inappropriate land use, for example in the present study guidance figures arc 
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considered in a very robust way, by adopting the most sensitive land use. It is possible that 
some sites, by virtue of their remoteness or limited access (e. g. Kirby Moss), could be 
assessed under less stringent measures. At this site it is possible to justify SGV's for 
Cadmium of both lppm (residential, with uptake at pH 6.5) and 30ppm (residential, no 
uptake), adoption of the latter results in a `clean' site, whereas using the former causes 94% 
of the samples to exceed the SGV. At other sites (e. g. MER and CRM) it may be justified to 
assess in comparison to acceptable `garden' levels, due to their frequent and continued use 
by the community. Site-specific conceptual models may have to be derived for sites where 
public access will be at this level. Community forestry focuses on public access to areas 
planted with trees or other developing ecosystems. A compromise may be to fence certain 
`hotspot' areas of the site, if assessment is carried out on a suitable scale, to prevent public 
access. Trees could also be planted over hotspots, dense, un-thinned planting as found in 
coppice systems may reduce public access to certain areas, effectively acting as a barrier 
between humans and the soil, breaking the source, pathway, receptor model. 
It would be possible to carry out site specific assessments using the algorithms and 
probabilistic models provided with the CLEA, CLR10 report (DEFRA and Environment 
Agency 2002e) or another risk based framework. However, it is uncertain if data exists on 
accurate community exposure by use of these sites, or the role of trees and ecosystems that 
may or may not be accumulating metals on the site. 
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Chapter 5: Modelling and Interactions 
Introduction 
The identification and selection of willows and poplars for phytoremediation has been 
largely based on screening potentially suitable taxa in either glasshouse or small-scale field- 
experiments. Field studies have been limited to a single or very few sites with specific 
contamination issues, such as sewage sludge application, fertiliser residue, mine spoil or 
other relatively easily defined contaminated soil systems. The applicability of these studies 
to brownfield sites is questionable. Of equal interest is whether species or taxa share growth 
and uptake characteristics across different sites, and if predictive measurements of wider 
usage are possible. 
This chapter aims to assess the range of field data collected over three years of experimental 
monitoring using a range of statistical and modelling techniques. 
Plate 5.1. Monitoring tree growth at the end of Year 1 for future modeling work 
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Data Collection and Analysis 
Data collected from nine field plots at six independent sites over a 3-year period have been 
used to examine trends of metal interactions with trees. Detailed information on data 
collected and analytical methodology is provided in Chapter 3, but a summary of the 
variables examined in this chapter, their sampling frequency and sampling unit is provided in 
Table 5.1 below. Where no entry is made, that particular variable was not sampled at that 
time period. 
Table 5.1. Summary of data collection frequencies used infield monitoring of experimental 
plots for 3 years and variables used for analysis in this chapter. 
Variable Description Year 1 Year 2 Year 3 Unit 
Total Soil 
HN03 digestion 
Before 
Trace Metals 
for total soil planting 
Whole plot 
metals 
EDTA soil 
extractable 
EDTA extractable Before End of Hotspot areas 
soil metals planting year 3 Trace Metals 
CaCl2 soil CaCl2 soil Before 
extractable extractable metals planting 
Notspot areas 
Trace Metals 
Foliar Trace 
Foliage metal 
concentration and 
End of End of Selected trees 
Metals year 2 year 3 
content 
Stem metal End of Stem Trace 
concentration and year 3 (post Selected trees Metals 
content harvest) 
ODT ha-' End of Whole plot Biomass Biomass year 3 
Mortality % Mortality 
End of year 
1 
End of 
year 2 
End of 
year 3 
Whole plot 
pH Soil pH 
Before Whole plot 
planting 
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5.1 Soil Hotspot Areas 
Areas for additional soil analysis were formed from hotspots of contaminant types as defined 
in Chapter 4. In order to create contamination maps each soil sample was analysed for total 
soil metal concentration using a HNO3 digest. A subset of these samples within elevated 
metal concentration hotspots, were also analysed for CaCl2 and EDTA soil extractable 
metals via a 2-stage process described in Chapter 3. 
The data analysed here are used to assess: 
(i) 
(ii) 
(iii) 
Results 
If variability in soil metal concentration is significant when examining hotspot 
areas rather than whole plots 
The relationship between different extraction procedures on brownfield soils, 
and 
Their usefulness in monitoring and modeling phytoremediation process. 
Tables 5.1.1 to 5.1.8 show analysis of sub samples taken within hotspot zones prior to tree 
planting in Year 1. All results are in mg kg-` unless indicated. EDTA 1 refers to EDTA 
concentrations taken from Year 1 as these measurements were taken over several time 
periods and will be compared later in the chapter. Percentages of CaC12 and EDTA are 
shown as a function of total metal extraction using HNO3 and in the case of CaC12 also 
as a function of EDTA extraction. These data are summarised in Figures 5.1 and 5.2 
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Table 5.1.1. Merton Bank 1 (MER 1) Hotspot soil analysis in Year 1 prior to tree planting. 
All figures in mg kg"' unless otherwise indicated 
MER 1 Arsenic Cadmium Copp er 
Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaCl2 EDTA1 
n 15 15 15 15.0 15.0 15 15 15 
MIN 32.2 0.1 2.4 0.0 0.1 38.2 0.1 7.9 
MAX 5265.6 31.8 173.6 0.0 1.4 144.8 0.3 31.0 
Mean 1206.7 5.5 43.2 0.0 0.5 89.5 0.2 15.3 
Median 371.6 1.0 16.6 0.0 0.3 90.9 0.2 14.0 
Std Dev 1622.5 9.2 54.1 0.0 0.5 39.6 0.1 7.2 
/o of Total 0.5 3.6 0.2 17.1 
/o of EDTA 12.8 0.5 1.2 - 
Lead Nickel Zinc 
Total CaCl2 EDTA1 Total CaCI2 EDTAI Total CaCl2 EDTAI 
n 15 15 15 15 15 15 15 15 15 
MIN 42.5 0.0 11.8 22.3 0.2 0.3 90.1 0.9 5.2 
MAX 394.7 0.2 72.3 41.4 0.5 1.3 339.2 1.3 86.6 
Mean 183.1 0.1 39.3 34.1 0.3 0.8 214.8 1.1 31.8 
Median 201.5 0.0 41.9 35.4 0.3 0.7 231.9 1.1 15.6 
td Dev 104.0 0.1 22.0 6.1 0.1 0.3 77.7 0.2 32.7 
/0 of Total 0.0 21.5 0.8 2.3 0.5 14.8 
/o of EDTA 0.2 - 36.3 - 3.4 - 
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Table 5.1.2. Merton Bank 2 (MER 2) Hotspot soil analysis in Year 1 prior to tree planting. 
All figures in mg kg"' unless otherwise indicated 
MER 2 Arsenic Cadmium Copper 
Total CaCI2 EDTAI Total CaCI2 EDTA1 Total CaCI2 EDTA1 
n 13 13 13 16 13 13 13 13 13 
MIN 230.0 0.1 3.5 0.8 0.0 0.2 98.4 0.0 26.6 
MAX 4611.9 3.7 114.9 4.5 0.0330 0.5 1146.5 0.9 214.1 
Mean 1527.3 1.6 38.7 2.0 0.004 0.3 541.1 0.4 101.2 
Median 1200.3 1.0 36.6 1.8 0.001 0.3 364.7 0.5 95.5 
td Dev 1184.1 1.2 33.7 1.1 0.0 0.1 343.8 0.3 59.7 
/o of Total 0.1 2.5 0.2 15.0 0.1 18.7 
/o ofEDTA 4.1 1.2 0.4 
Nickel Lead Zinc 
Total CaCI2 EDTA1 Total CaCl2 EDTA1 Total CaCl2 EDTA1 
n 13 13 13 13 13 13 13 13 13 
MIN 38.3 0.1 0.4 382.1 0.0 85.4 169.5 0.7 15.3 
MAX 62.8 0.3 2.7 3641.5 0.3 1576.6 729.8 1.6 86.7 
Mean 49.5 0.2 1.5 2087.8 0.1 645.6 389.1 1.0 40.2 
Median 50.3 0.2 1.6 1914.5 0.1 572.8 331.9 0.9 33.2 
td Dev 9.2 0.1 0.7 1276.2 0.1 464.9 199.8 0.2 22.4 
/o of Total 0.4 3.0 0.0 30.9 0.2 10.3 
/o of EDTA 14.3 0.0 2.4 
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Table 5.1.3. Merton Bank 3 (MER 3) Hotspot soil analysis in Year 1 prior to tree planting. 
All figures in mg kg-' unless otherwise indicated. 
MER 3 Arsenic Cadmium Copper 
Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaC12 EDTAI 
n 19 19 19 19 19 19 18 19 19 
MIN 189.9 0.0 3.1 0.4 0.0 0.1 59.4 0.0 12.1 
MAX 2888.7 5.6 67.8 2.6 0.0 0.3 484.5 0.3 56.8 
Mean 1423.5 2.1 24.3 1.9 0.0 0.2 259.4 0.2 34.0 
Median 1538.4 2.1 20.4 1.9 0.0 0.2 263.2 0.2 35.9 
Std Dev 873.4 1.6 16.3 0.6 0.0 0.1 129.1 0.1 11.6 
/o of Total 0.1 1.7 0.0 11.8 0.1 13.1 
% of EDTA 8.6 0.3 0.5 
Nickel Lead Zinc 
Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaCI2 EDTA1 
n 18 19 19 19 19 19 19 19 19 
MIN 16.8 0.1 0.7 118.1 0.0 43.0 68.3 0.5 7.2 
MAX 57.5 0.2 2.3 1770.4 0.2 265.3 1303.3 0.8 29.3 
Mean 41.7 0.2 1.3 656.2 0.1 174.7 306.8 0.7 19.7 
Median 44.2 0.2 1.1 493.8 0.1 190.0 212.1 0.8 22.4 
Std Dev 12.7 0.0 0.6 490.3 0.1 68.0 356.5 0.1 6.4 
/o of Total 0.4 3.1 0.0 26.6 0.2 6.4 
/o of EDTA 14.4 0.0 3.8 
Table 5.1.4. Cromdale Grove 1 (CRMI) Hotspot soil analysis in Year 1 prior to tree 
planting. Ail figures in mg kg' unless otherwise indicated. 
CRM 1 Copp er Nickel Lead Zinc 
Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaCI2 EDTA1 
n 17 17 17 17 17 17 17 17 17 17 17 17 
MIN 10.4 0.1 17.6 44.3 0.2 1.2 111.2 0.0 36.5 95.1 1.3 16.6 
MAX 883.5 1.3 531.9 109.4 2.6 4.7 560.1 0.2 198.9 826.6 16.2 254.7 
Mean 287.4 0.5 120.2 76.1 1.0 2.2 290.8 0.1 108.6 496.4 4.8 80.4 
Median 164.3 0.3 72.5 75.5 0.8 1.8 259.5 0.1 97.3 485.0 3.7 57.5 
td Dev 293.5 0.4 158.0 22.1 0.8 1.1 126.2 0.0 55.4 222.7 4.1 71.5 
/o of Total 0.2 41.8 1.3 2.9 0.0 37.3 1.0 16.2 
/o of EDTA 0.4 44.7 0.1 5.9 
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Table 5.1.5. Fazakerley 1 (FAZ 1) Hotspot soil analysis in Year 1 prior to tree planting. All 
figures in mg kg' unless otherwise indicated. 
FAZ I Cadmium Copper Nickel 
Total CaC12 EDTA1 Total CaCI2 EDTAI Total CaCI2 EDTA1 
n 15 15 15 15 15 15 15 15 15 
MIN 0.8 0.0 0.7 210.7 0.4 91.2 42.2 0.2 1.9 
MAX 4.2 0.2 1.3 404.7 1.1 177.2 66.9 1.4 3.9 
Mean 2.6 0.0 0.9 269.6 0.8 123.5 54.1 0.4 2.9 
Median 2.4 0.0 0.9 267.1 0.7 120.4 52.6 0.3 3.1 
Std Dev 0.9 0.0 0.2 46.9 0.2 25.3 7.4 0.3 0.6 
/0 of Total 1.2 35.6 0.3 45.8 0.8 5.4 
o of EDTA 10 3.3 0.6 14.5 
Lead Zinc 
Total CaC12 EDTA1 Total CaCI2 EDTA1 
n 15 15 15 15 15 15 
MIN 493.5 0.0 183.7 281.0 0.9 38.2 
MAX 1102.6 0.2 407.4 536.1 3.8 80.7 
Mean 684.2 0.1 303.7 394.6 1.5 59.6 
Median 627.5 0.1 304.3 389.7 1.4 60.0 
Std Dev 181.6 0.0 66.2 72.2 0.7 14.9 
/o of Total 0.0 44.4 0.4 15.1 
/o of EDTA 0.0 2.4 
Chapter 5 -- Modeling and Interactions 
148 
Table 5.1.6. Fazakerley 2 (FAZ 2) Hotspot soil analysis in Year 1 prior to tree planting. All 
figures in mg kgg' unless otherwise indicated 
FAZ 2 Cadmium Copp er Nickel 
Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaCI2 EDTA1 
n 16 14 14 16 14 14 16 14 14 
MIN 3.7 0.1 1.4 51.5 0.7 84.6 26.7 0.6 2.0 
MAX 7.9 0.4 3.1 408.9 2.2 210.6 178.5 2.4 3.1 
Mean 6.4 0.2 2.3 322.8 1.1 151.1 47.6 1.3 2.5 
Median 6.5 0.2 2.2 338.6 1.0 148.5 39.3 1.2 2.4 
Std Dev 1.1 0.1 0.4 85.3 0.4 29.4 35.5 0.4 0.4 
/o of Total 3.5 35.1 0.3 46.8 2.7 5.2 
/o of EDTA 10.1 0.7 52.7 
Lead Zinc 
Total CaCI2 EDTA1 Total CaCI2 EDTA1 
n 16 14 14 16 14 14 
MIN 344.8 0.0 125.2 187.7 1.6 28.1 
MAX 612.6 0.2 261.0 463.1 6.8 78.0 
Mean 490.8 0.1 201.3 291.2 3.5 45.8 
Median 491.5 0.1 201.6 285.3 3.1 43.4 
td Dev 65.1 0.1 32.1 56.7 1.8 13.3 
/o of Total 0.0 41.0 1.2 15.7 
/o of EDTA 0.0 7.7 
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Table 5.1.7. Kirby Moss 1 (KIR 1) Hotspot soil analysis in Year 1 prior to tree planting. All 
figures in mg kg' unless otherwise indicated. 
KIR I Cadmium Copper Nickel 
Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaCI2 EDTA1 
n 12 10 10 12 10 10 12 10 10 
MIN 1.4 0.0 0.3 48.5 0.1 24.1 12.2 0.4 1.5 
MAX 3.4 0.1 0.6 163.0 0.4 77.3 37.8 0.7 3.1 
Mean 2.7 0.1 0.4 106.4 0.2 53.5 28.9 0.5 2.6 
Median 3.0 0.1 0.4 107.1 0.2 56.3 30.2 0.4 2.8 
Std Dev 0.7 0.0 0.1 38.8 0.1 15.7 7.5 0.1 0.5 
/0 of Total 1.9 14.7 0.2 50.3 1.6 9.1 
% of EDTA 13.0 0.4 17.4 
Lead Zinc 
Total CaCI2 EDTAI Total CaCI2 EDTAI 
n 11 10 10 12 10 10 
MIN 18.4 0.1 14.6 65.3 2.1 13.6 
MAX 80.5 0.2 34.1 199.3 4.8 75.2 
Mean 52.3 0.1 22.7 129.1 3.6 31.2 
Median 55.0 0.1 21.3 112.2 3.6 24.1 
Std Dev 18.0 0.0 7.0 55.7 1.0 18.2 
of Total 0.2 43.4 2.8 24.1 
of EDTA 0.6 11.5 
Table 5.1.8. Corus 1 (COR 1) Hotspot soil analysis in Year 1 prior to tree planting. All 
figures in mg kg-' unless otherwise indicated. 
COR I Copp er Nickel Lead Zinc 
Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaCI2 EDTA1 Total CaCI2 EDTAI 
n 8 8 8 8.0 8 8 8 8 8 8 
8 
MIN 103.1 0.2 13.9 78.6 0.4 6.4 286.7 0.1 64.0 310.1 1.4 42.3 
MAX 175.0 0.4 40.4 111.6 1.7 10.7 496.8 0.2 82.8 449.5 3.7 69.0 
Mean 140.9 0.3 23.4 93.6 1.2 8.5 385.3 0.1 72.1 378.5 2.1 52.9 
Median 143.3 0.3 19.5 95.5 1.2 8.3 375.6 0.1 71.0 396.2 1.8 51.5 
Std Dev 23.7 0.1 9.2 11.1 0.376 1.731 66.8 0.0 5.6 49.26 0.741 10.21 
/o of Total 0.2 16.6 1.2 9.1 0.0 
18.7 0.6 14.0 
/o of EDTA 1.3 13.6 
0.2 4.0 
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Figure 5.1.1. Extractable soil fractions of metals using HNO3, EDTA and CaCI, extraction 
methods on hotspot areas in Year 1 prior to tree planting for each of the 9 plots. Error bars 
show 95% Con frdence Intervals. 
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Figure 5.1.2. EDTA and CaCI2 extractable metals as a percentage of total (HNO3 
extractable) soil metal concentrations in hotspot areas at Year 1 prior to tree planting 
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Arsenic (only plots on Merton Bank were tested for As) 
Considerable variability was evident in total arsenic concentrations within plots MER 1 and 
MER 2, where elevated hotspots of As are found. Variability was reduced slightly on MER 
3 with half the standard deviation of MER 1. Little As was extracted into EDTA despite the 
high total concentrations. The amount of As extracted with EDTA varied little between all 
Merton Bank plots, from 1.7% to 3.5%. Concentrations of As close to method detection 
limits were extracted into CaC12, between 0.5% and 0.1% of total. 
Cadmium 
With the exception of the sludge amended plot on FAZ 2, there was little cadmium present 
on any site, with total concentrations averaging only between 2 and 3 mg kg-' where 
detectable. Mean EDTA-extractable Cd was also small, except on the FAZ 2 plot where 
total concentrations are elevated. The same pattern was repeated for CaCI2 extractable Cd, 
which is non detectable on all plots except FAZ, although still close to analytical detection 
limits. However, percentage EDTA Cd recoverable from total is considerably higher on both 
FAZ plots, over double when compared to all other plots. KIR 1 and FAZ 1 showed similar 
mean concentrations of total Cd, the percentage extractable by EDTA is double on FAZ 1. 
This may be due to Cd on FAZ plots being derived from sewage sludge and more readily 
extractable in a free ion form (Alloway and Jackson 1991). 
Copper 
MER 2 and CRM 1 showed the highest variation in total copper levels, probably caused by 
each site containing highly localized elevated areas. All other sites showed considerably less 
variation. EDTA extraction of Cu was one of the highest for any clement tested, with half of 
the sites extracting 40% Cu in EDTA or more. The percentage extraction exhibits a site 
specific pattern, all Merton sites show between 15 and 200o Cu EDTA, whilst 
FAZ, CRM 
and KIR show between 40 and 50 'o, indicating a possible pHl mediated 
difference. CaCl, 
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extractions were poor on all sites irrespective of total concentrations with only 0.2 - 0.4° ö of 
total Cu extracted. 
Nickel 
Low concentrations of total Ni on all sites belie small amounts of variation in FAZ2 soil. 
The variation may be reflected in the lack of Ni either already in the soil, or not leaching 
from the areas of the plot receiving sludge. EDTA extracts little Ni at many sites, only 2 -5 
%, and a maximum of 9% on KIR. Of interest however is the quantity of Ni extracted by 
0.01M CaC12. This is the highest percentage extracted of total and of EDTA for any 
element, ranging from 0.4 - 2.7% of total Ni. It is especially noteworthy given that total 
soil Ni is generally low on all sites. 
Lead 
MER 2 exhibited the most variation in lead total concentrations, reflecting high point source 
areas on the plot. Other sites, with the exception of KIR, showed generally high 
concentrations of Pb, emphasizing the ubiquitous nature of this element and its potential to 
be introduced to the soil by several means, such as dry deposition in urban environments. In 
general more lead is extracted by EDTA than any other element tested here, with ranges 
between 20 and 45%. CaCl2 extractions are very low given high total values, never 
exceeding a maximum of 0.4mg kg' when total values may be 5000 times this concentration. 
Zinc 
Variability of zinc was low on both FAZ sites when compared to MER 2 and 3 where 
variability was higher. EDTA extraction shows no overall pattern and is generally between 
10 to 20"o of total. Overall CaCI2 extractable levels were also low given elevated total 
concentrations although on sites such as FAZ 2 and CRM I this increased to 2.8 and 1.2% 
respectively, possibly due to lower pH values at these sites. 
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Soil hotspot variability - Overview and conclusions 
Considerable variability in soil parameters exists, even when addressing elevated hotspot 
areas of similar metal concentrations as defined by the mapping techniques in Chapter 4. 
This procedure for defining and experimenting on hotspots is not completely effective. On 
several plots, high standard deviations or confidence intervals, indicate large variations 
within previously identified hotspots. This reinforces arguments made earlier on the variable 
nature of brownfield sites, and although mapping techniques can be used to better locate and 
treat hotspots there must be an acceptance of variability when working on such sites. 
Although not tested statistically observations show sites with artificial amendments that have 
been incorporated homogeneously over time such as FAZ 1 tend to show the least spatial 
variation (Fig 5.1.1). 
The need for more accurate methods of assessing soil metal bioavailability in the context of 
ecological risk management is well documented (Dickinson et al. 2000; Environment 
Agency 2003; Nolan et al. 2003). However, as discussed in Chapter 1, there is no singular 
recognized methodology for this and a suite of techniques have been postulated showing 
different responses to different metals in different field situations, such as pH and soil type. 
The use of CaC12 and EDTA, two common alternatives to total or pseudo-total metal testing 
by strong acid digest, was intended to see if a quick and reproducible test could be used to 
assess a variety of brownfield soils and contaminants. The ultimate goal is to use extractants 
to predict phyto or ecotoxicity and uptake of metals into plants or other ecological receptors. 
These concepts are discussed and tested later in this chapter. 
EDTA produced favorable recoveries for copper and lead at all sites, and to some extent for 
cadmium, but only on sites where Cd concentrations were elevated, such as FAZ. For these 
elements a distinction could be made between plots on Merton Bank, where percentage 
recoveries of total were lower, compared to other sites. This was thought to be pH related 
(all MER sites are pH 7 or higher), but FAZ I also has a pH of over 7 and exhibits one of the 
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best recoveries. EDTA recoveries for Ni and As are poor, especially for As where total 
concentrations were significantly elevated. Changes in site type or total metal present may 
strongly affect recoveries using EDTA. Pulford and Watson (2003) used EDTA to extract 
metals from a site that had received sewage sludge for over 50 years (Cd 49.6%, Cu 51.7%, 
Ni 42.0%, Pb 30.9%, Zn 48.7%, pH 6.3). These percentages extractable by EDTA from total 
were broadly in line with the maximum ranges achieved in this study, with the exception of 
Ni and Zn, which were higher in the sludge based soil. 
The use of CaC12 as an extractant to simulate the bioavailability of heavy metals is strongly 
advocated in several sources as it matches soil solution with respect to pH, concentration and 
composition (Houba et al. 1996 ; Novozamsky et al. 1993) and is set to become a standard 
technique in some parts of Europe (Pueyo et al. 2003). Since one of the main mediating 
factors for actual plant availability of metals in soils is pH the use of a neutral buffer solution 
is well warranted, as opposed to strong acid digests. In this experiment CaC12 extractable Cu 
is between 0.1 - 0.3% of total, CaC12 percentage recoveries of total digest were also recorded 
by Pulford and Watson (2003), recording 0.14% for Cu. Other comparisons between these 
two experiments can be made: Ni ranges from 0.4 - 2.7% in Pulford's study, compared to 
3.3% in the present study. On sludge amended FAZ plots, where Cd was present in elevated 
levels we found 1.2 - 3.5% CaC12 compared to 2.4%. Zn was more variable 
0.1 - 2.8% 
compared to 0.63%. Lead was non detectable in both experiments. 
Overall, C'aCl- exhibited very low recoveries for elements such as Pb, even when high total 
concentrations are present. This is not unusual as it is known that Pb is extremely 
unavailable under natural soil conditions, which the CaC12 extractant is intended to mimic. 
However, although it may be more accurate indicator of natural soil conditions and possibly 
bioavailability, it is not of use unless empirical figures can be generated above analytical 
method detection levels to use in risk management models and calculations. 
Problems were 
encountered ww ith cadmium concentrations, which shows considerable uptake 
by some trees 
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even at very low soil concentrations that may not be detected by a CaC12 extract. Issues with 
CaC12 recoveries at low soil concentrations have been reported in other studies examining 
soil metal and tree interactions, specifically causing problems with statistical analysis due to 
low or non detectable Cd concentrations (Laureysens et al. 2004). Houba et al. (1996) noted 
that more sensitive analytical methods would be necessary if using CaCI2. CaCl2 may not 
be the most appropriate extractant for low level contaminated brownfield sites unless 
sufficiently sensitive analytical instruments can be used. 
15 
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5.2 Principal Component Analysis 
Principal Component Analysis (PCA) is a useful tool to examine large, multi variant data 
sets. Comparable studies in this field have used PCA techniques for handling large amount 
of vaned environmental data (Watson et al. 2003; Laureysens et al. 2004). PCA has been 
employed in this study to assess the relative and importance of analyzed parameters and their 
relationships to each other, with a view to examining any significant data in additional 
quantitative detail. Analyses have been conducted with species data pooled from all sites. 
Each parameter is represented by an arrow that extends through the origin of the bi-plot, the 
length of each arrow is proportionate to the importance in locating species on the graph. The 
grouping of the species can be assessed for significance by their perpendicular relationship to 
the arrows. Data were analysed using CANOCO for Windows v4. 
1 
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-1 
Figure 5.2.1. C'ANOCO bi plot of individual species data points. 
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Fig 5.2.1 shows a bi-plot of each individual measured data point, indicating the need to 
reduce the complexity of the plot for visual clarity. The position of each of the species on 
the plots can be averaged using the individual positions representing each measured tree. 
When using this method it is important to take into consideration the distribution of the data 
points around the mean value, this is especially important given the pooling of species or 
taxa data across sites and possible variation. It is therefore desirable to plot bivariate 
standard deviational (SD) ellipses for axes 1 and 2, associated with the averaging of each 
species or taxa. This methodology was given by Ricklefs and Nealan (1998) but adapted for 
use in MS Excel by Le Duc et al. (in press), and recently used in Milligan et al. (2004), 
which was the method utilized to produce the ellipses shown here. These are presented, for 
clarity, on the following page for each main ordination plot for each species group, and are 
directly comparable to the ordination plots representing the measured parameters. 
Stem uptake Ordination plot (Figures 5.2.2 / 5.2.3) 
Zinc accumulation in the stem is the most important factor, followed by Cadmium stem 
uptake and biomass yield. Nickel is the least important factor. The plot shows distinctive 
groups of species, with all Salix and all Populus taxa respectively, grouped closely together. 
The three remaining species are suitably and predictably different, although Larch and Alder 
show some similarities. Cd, Zn and biomass yield are indicated as significant and follow 
broadly the same direction, inferring that Cd and Zn can be accumulated in the stem at no 
cost to yield. When considering Salix, 3 taxa are similar when comparing the orientation of 
the standard deviational ellipse (SD ellipse); CAL, ORM and TOR all show similar 
distributions, of which CAL is slightly different and closer to the Zn and Cd arrows, 
indicating it possibly has the higher uptake of this element. GER and CLS show a different 
SD ellipse. This is possibly due to their affinity to accumulate copper in the stem, moving 
the points in that direction. Interestingly the Cu stem line is running opposite to the Cd and 
Zn lines. This is possibly due to the high affinity of L. \R and : 1Lti for Cu in the stem. 
Although other willows do take up Cu, ALN and LAR only take up Cu. This is what may be 
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keeping the Salix points closer to the origin. It is somewhat misleading, as it could be 
0 
-1 
01 -1 
interpreted that willows do not take up Cu, data presented in earlier sections show that they 
do. Poplars are grouped together near the origin, indication that no one factor is significantly 
more important than the other. Pb and Ni are predictably insignificant. 
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Figure S. Z. Z. Stem uptake (year 3) CANOCO ordination bi-plot for all species. 
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Figure 5.2.3. Standard deviational ellipses for Stein uptake PCA ordination bi-plot (figure 
5.2.2) showing Salis (top), Populus (middle) and other species (bottom). The colour of the 
ellipses represents associated species as shown in Figure 5.2.2. 
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Foliar uptake ordination plot (Figures 5.2.4 / 5.2.5) 
The distribution of foliar data follows broadly similar patters to the stem analysis (Figure 
5.2.2). The most noticeable difference is that all arrows for uptake run in a tight group 
though the group of Salix taxa, indicating that all elements are taken up by these taxa. 
compared to other species that sit almost opposite, for example ALN and LAR. Similarly to 
stem results it is zinc, closely followed by cadmium that are the most important factors. The 
proximity of the uptake arrows to the yield indicates that metals in these taxa can be taken up 
into the foliage without an apparent yield penalty. Examination of the SD ellipses for Salix 
show similar patterns for CAL and TOR, these ellipses follow almost precisely the arrows, 
showing a good grouping of data, consistent with foliar uptake. CLS and GER show wider 
ellipses and follow approximately the direction of the arrows. This could indicate a wider 
variation of data, perhaps due to independent site effects. The SD ellipses for Populus show 
some interesting results. GHY occupies a position almost exactly at the origin, with a very 
circular SD, simply showing a deviation in no particular direction. TRI however has an 
ellipse that is angled towards the direction of the uptake arrows, particularly Zinc, indicating 
that, on some occasions it may have a higher uptake rate of this element. 
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Figure 5.2.4. Foliar uptake (year 3) CANOCO ordination bi-plot for all species 
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Figure 5.2.5. Standard deviational ellipses for Foliar uptake PCA ordination bi-plot (figure 
5.2.4) showing Salix (top), Populus (middle) and other species (bottom). The colour of the 
ellipses represents associated species as shown in Figure 5.2.4. 
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EDTA ordination plot (Figures 5.2.6 / 5.2.7) 
This plot is slightly more confusing as is shows the EDTA metal concentrations in the soil 
under each species at the start of the experiment. It may therefore be more relevant to 
compare the positions of the taxa to yield and mortality. Four of the Salix taxa are grouped 
close together following a general trend of Cu, Cd, Zn and Ni arrows, but more importantly 
the yield arrow. This could indicate that these elements can exist in the soil with no yield 
penalty for these species, and yield is one of the most important factors in their positioning. 
The As EDTA arrow is located broadly towards the mortality arrow, certainly more so when 
compared to other elements, indicating the concentrations of this element in soil may be 
having an effect on mortality. 
The SD ellipses are all large, reflecting the range of soil data and variability from different 
sites. 
16ý 
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Figure 5.2.6. Soil EDTA extractable metal concentration (year 1) CANOCO ordination bi- 
plot for all species. 
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Figure 5.2.7. Standard deviational ellipses for EDTA soil concentration PCA ordination bi- 
plot (figure 5.2.6) showing Sali. i (top), Populus (middle) and other species (bottom). The 
colour of tltc ellipses represents associated species as shown in Figure 5.2.6. 
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5.3 Heavy Metal Uptake - Overall Assessment 
An essential element in examining prospects for phytoremediation is obtaining accurate field 
data on metal uptake. Samples of foliage (for Years 2 and 3) and stem (for Year 3 only) 
were collected from replicate trees surrounding hotspot soil sampling points, as described in 
Chapter 3. For the purposes of assessing broad patterns of uptake this data was pooled for 
each species across all sites, with the exception of Arsenic where only species on Merton 
Bank were included as this was the only site with significant concentrations of soil As. All 
figures are shown with 95% confidence intervals. 
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Figure 5.2.1. Mean arsenic uptake into stem andfoliar tissues by trees at Merton Bank 
(MER). Error bars show 95% confidence intervals 
Arsenic 
Small quantities of As were taken up into leaves or stems in almost all species (Fig. 5.2.1). 
The quantities were sufficiently small to be practically insignificant, especially considering 
analytical detection limits for this element. It is therefore difficult to distinguish any true 
pattern of translocation. Larch was a notable exception, accumulating significant 
concentrations (5 to 10 times that of other species) of As into its foliage despite high 
variation through a low number of samples during Year 2. The stem of larch however, 
accumulated no more As than any other species. 
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Figure 5.2. Mean metal uptake by individual element (Cd, Cu, Ni, Ph and Zn) into stem 
and f oliar tissues hr trees averaged across all sites. Error 
Kars show 95% confidence 
intervals 
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Figure 5.2.2. (cont'd) Mean metal uptake by individual element (Cd, Cu, Ni, Pb and Zn) 
into stem and Joliar tissues by trees averaged across all sites. Error bars show 95% 
confidence intervals 
Cadmium 
Cd was readily taken up by all Salix taxa in varying concentrations. The large variation in 
uptake is most likely a result of Cd being the only element besides As and possibly Ni to not 
be found at all on some sites, compared to elements such as Cu, Zn and Pb that were 
represented on all sites to some degree. This high variance makes it difficult at a macro 
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scale to detect significant patterns of distribution within the tree, although in 4 of 5 Salm taxa 
more Cd is located the leaves than the stem, albeit that differences are relatively small. 
CAL, TOR, GER and ORM were taxa containing the highest concentrations of Cd overall. 
Cd was not taken up at all by ALN or LAR and only in small quantities by BET. 
Copper 
Copper uptake showed the least overall variation of all the elements measured, especially in 
foliage where it was translocated at an almost uniform concentration, irrespective of soil 
concentrations. Increased variation occurred within the stem; Salix taxa, CAL, CLS, GER 
and TOR exhibited the highest uptake figures, demonstrating a clear pattern of concentration 
of Cu in the stem, between 20 - 35 mg kg"'. ALN transferred Cu into the stem at a higher 
mean concentration than ORM, BET or either Populus taxa. Larch, although accumulating 
almost no Cu in the foliage did accumulate significant quantities into the stem, an average of 
55 mg kg'. This result had a high variability, most likely as a result of a small number of 
Larch surviving, all of which were located on the Merton Bank site. 
Nickel 
Ni uptake into trees was minimal, with little variance in the stem uptake figures that are in 
the range 1.5 to 3 mg kg-1, indicating that uptake was low overall. More variation was 
observed in Ni that had been transferred to foliage. Due to this variation it is difficult to 
distinguish any obvious pattern, but the general trend shows CAL, CLS, GER, TOR and 
ALN accumulating elevated Ni in foliage. 
Lead 
Very small quantities of lead were translocated into plant biomass and all mean stem values 
were between 0 and 2 mg kg, -'. Foliar concentrations, although slightly higher were only in 
the range 2 to 5 mg k,, -'. Variation is low overall reflecting a general trend for low Pb Z7 - 
uptake on all sites. Very low detectable concentrations make this data of questionable 
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significance, based on analytical detection limits and background concentrations or external 
contamination. The very low concentrations mean that phytoextraction would not seem a 
realistic option at these sites in its present context. 
Zinc 
Considerable quantities of zinc were accumulated by all species, the highest for any element 
under study. A clear overall pattern of higher accumulation in foliage than stem, by up to 
two thirds, is observed for all species or taxa tested. The general exceptions to this were 
ALN and LAR with little Zn uptake into foliage or stem. Variation was increased in foliage 
uptake than stem uptake. 
Overview of heavy metal uptake 
The pooling of data across sites has been used to present an overview of the uptake potential 
of various species grown on brownfield sites. Strong uptake patterns are shown with the 
elements Cd, Cu and Zn and poor uptake is exhibited with As, Ni and Pb. These results are 
not unexpected. Previous studies have shown Pb to be highly unavailable to plants (Huang 
et al. 1997; Schmidt 2003) and As forms stable compounds within soil (Pongratz 1998; 
Wasay et al. 2000). 
Ni has been shown to accumulate in trees and plant species, but in experiments where soil 
concentrations of Ni have been considerably higher then those present in this study (Pulford 
et al. 2002), or where artificial chelation had been used to improve Ni uptake (Panwar et al. 
2002). 
Mean uptake figures do not consider the concentrations of individual elements present in the 
soil, for example Cd uptake may appear low. but is based on very low soil concentrations. 
Conversely Pb uptake is low in plants but soil concentrations are generally much higher. 
This will be further explored in subsequent sections and chapters (Chapter 7). 
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Non-coppice species 
There are exceptions from the observations made above, many of which relate to the non 
coppice species tested. Larch accumulates almost 10 times more Arsenic than any other 
species into its foliage with a range of 8-14 mg kg-'. Although this concentration is still too 
low to be useful for phytoextraction, it is significant in the context of this experiment as it 
was the only species tested to extract this concentration of As. Larch also exhibited the 
highest Cu uptake into the stem with a range of 18 - 127 mg kg-', Unfortunately the only 
Larch tested were on Merton Bank as the species suffered increased mortalities during 
establishment on all other sites. It was therefore not possible to examine if this level of 
uptake is repeated on other sites. Elevated concentrations of Cu in other Larix species have 
been reported as part of macronutrient studies on non-contaminated woodlands (Alriksson 
and Eriksson 2001) and when used as biogeochemical indicators of pollution in the alpine 
environment (Orlandi et al. 2002). No reference could be found to use in phytoremediation 
schemes, although Alriksson and Eriksson (2001) recorded increased concentrations of Cu in 
Picea abies. It is likely that Cu is more mobile in stems of coniferous trees due to the way in 
which it is transported and stored within the stem. 
Alnus translocated Cu into the stem at a higher mean concentration than ORM, BET or either 
Populus taxa. LAR and ALN translolcated the lowest concentrations of Zn, perhaps due to a 
preference for Cu, but at a lower uptake rate. LAR, ALN and BET all actively exclude Cd 
from stem and foliage at the soil concentrations found in this experiment. 
Populus 
Populus has not received the same level of attention as Salix have when considering their use 
in the phytoremediation of heavy metals. There is however, a continuing interest 
in the use 
of poplars to degrade organic contaminants (Burken and 
Schnoor 1998) such as high 
explosives (Moon et al. 2002); TCE (Newnian et al. 
1997, Shang and Gordon 2002); 
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Petrochemicals (Rentz et al. 2003) and atrazine (Burken and Schnoor 19970. In this 
experiment Populus, like Salix showed poor uptake of As, Ni, Pb and Cu into foliage. Cd 
and Zn are accumulated to some extent and were higher in TRI than GHY. Zinc was 
significantly elevated in foliage of TRI with a high variance suggesting differences between 
sites. 
Other studies have shown broadly similar patterns. Moffat et al. (2001) tested several 
Populus taxa, including TRI, using experimental treatments of sewage sludge and irrigation 
and concluded average stem concentrations for TRI were Cd, 6.6, Zn, 51, Cu, 5.5 (all 
values mg kg-1), which are within the ranges found in the present study. Foliar data was not 
presented but Zn and Cu were reported to be significantly elevated. 
Sebastiani et al. (2004) conducted pot trials using 2 Populus taxa amended with organic 
industrial waste high in Zn and Cr. After 1 year Zn concentrations were 300 mg kg -1 in 
foliage, 80mg kg-' in stem and 100 mg kg-' in roots. Cu and Cr were not significantly 
elevated, although Cu uptake into roots was 5-6 times higher than maximum stem uptake. 
Di Baccio et al. (2003) conducted similar experiments, in pots spiked with zinc solution. At 
the maximum Zn concentration used (1000µM) leaves accumulated 160 mg kg-', stem 60 
mg kg-' and 90 mg kg-1 in roots. The two latter experiments focused on different taxa not 
used in the current experiment, specifically Populus `Eridano' (Populus deltoides x 
maximowic ii) and I-214 (P. x euramericana). By comparison uptake rates of Zn are 
higher in this study than others cited in the literature, despite soil concentrations being 
generally lower than those used elsewhere in organic or artificial amendments. All studies 
concur that Populus only accumulates Zn at consistently elevated levels. Although other 
studies show it is possible for Poplar to accumulate Cd (Robinson et al. 2000) it does not 
semi to match the concentrations accumulated by Salix. Using chelating materials to 
improve Cd availability to poplars had unwanted side effects such as growth reduction and 
leaf abscission (Robinson ct at. 2000). 
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Salix 
Uptake of heavy metal elements into above ground biomass by Salix has been well 
researched (see Chapter 1). Recent publications have concentrated on Cd and Zn as these 
elements have been shown to be consistently translocated by Salix. Similar patterns were 
apparent in this study, with all Salix taxa able to accumulate Zn and Cd, and in some cases 
Cu. 
Of these elements, Cd can be considered most hazardous from an ecological and human 
perspective (DEFRA and Environment Agency 2002f). CAL, TOR, GER and ORM were 
taxa containing the highest concentrations of Cd, but variations in uptake seem to indicate 
that taxa will accumulate more Cd if it is present at elevated soil concentrations. This 
concept is examined later in the chapter. Salix have shown the ability to accumulate Cd 
from soils containing relatively low concentrations. This trait can be examined by deriving 
and comparing concentrations factors. Concentration factors (CF) were calculated as a ratio 
of soil EDTA available Cd to concentrations measured in above ground biomass constituents 
(foliar and stem), therefore showing the factor at which Cd can accumulate in the biomass 
greater than in the soil. Table 5.2.1 shows the average concentration factors and rankings in 
the stem and foliage of Salix taxa pooled across all sites. 
CAL followed by GER are able to concentrate the most Cd into the stem, the other 3 taxa 
show similar factors between 4.4 and 4.8. Other studies have examined concentration 
factors of soil to biomass for Cd in various Salix taxa, although many used soil data based on 
total acid extraction, not EDTA. Felix (1997) found a transfer coefficient of 3.4 for S. 
virninalis, and Punshon and Dickinson (1997), frequently observed concentration factors 
(above-ground tissues : soil) above 5 in S. caprea. Pulford et al. (2002) found stem Cd 
concentrations in 3- year old stands of 20 clones of Salii- that were up to 
10 x higher than 
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soil concentrations. Elevated concentrations of Cd uptake have been recorded in trees grown 
on highly contaminated substrates, with 125 mg kg-' Cd recorded in taxa grown on mine 
spoil, although with substantially reduced yield (Punshon and Dickinson 1997). 
Table 5.2.1. Concentration Factors (CF) for all Salix taxa of EDTA extractable soil Cd and 
Stem orfoliar Cd. Data are averaged for all sites. 
Taxa CF EDTA / Stem CF EDTA / Foliar 
Min 7.18 2.20 
Max 11.18 21.00 
CAL Average 8.88 9.31 
Std. Dev 1.63 5.48 
Rank 13 
Min 2.13 3.04 
Max 9.59 13.36 
CLS Average 4.77 7.86 
Std. Dev 2.67 2.76 
Rank 44 
Min 1.43 4.56 
Max 17.06 29.35 
GER Average 7.74 13.21 
Std. Dev 4.37 6.91 
Rank 21 
Min 0.98 0.23 
Max 12.08 16.98 
ORM Average 4.85 5.68 
Std. Dev 4.99 4.57 
Rank 35 
Min 0.00 1.93 
Max 7.64 20.65 
TOR Average 4.43 10.62 
Std. Dev 3.34 4.96 
Rank 52 
This information would suggest that CAL and GER would be the best taxa 
for use in a 
phytoextraction program, exhibiting the greatest ability to concentrate 
Cd from the soil. 
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However, this data only presents a measure of the innate ability of individual plants to 
concentrate Cd within their biomass, and does not consider the amount of biomass produced, 
which will have a significant influence in the net Cd removed from the soil into above 
ground biomass. This is a factor that is frequently overlooked when assessing Salix potential 
for phytoremediation and is addressed in Chapters 6 and 7. 
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5.4 Relationships in metal distribution I: Stem and leaves 
For taxa that accumulate elements in their above ground biomass, the partitioning and 
storage of these elements within the constituent parts of the tree is of considerable interest. 
The relative concentrations present in the leaves and stem is important as translocation into 
the harvestable stem may be a primary sink of metal storage if used in phytoextraction. 
Conversely, low stem uptake would be desirable for phytostabilisation, biomass production 
or ecologically sensitive areas. Concentrations in leaves are also of interest as foliage may 
not be harvested and falling leaves in autumn may return metals to the surface soil or wider 
environment. 
To obtain accurate concentrations of metals in stems they must be harvested and a 
representative sub-sample analysed. If a clear relationship between stem and foliar uptake 
were found, it would be considerably quicker, less destructive and would present an easier 
analytical route to evaluate foliar samples and calculate stem concentrations from this data. 
Initial relationships between stem and foliar uptake were conducted using Pearsons product 
moment correlations (Table 5.4.1) using transformed data (log x+1) for stem and 
corresponding foliar concentrations in Year 3, for each species, pooled over all sites and for 
each metal. Significant results were subjected to additional scrutiny, initially investigating r2 
values as shown in Table 5.4.2 and scatterplots on Figures 5.4.1 to 5.4.3 
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Table 5.4.1. Pearson 's Product Moment correlation matrix for foliar and stem 
concentrations in Year 3. Values shown are person product moment correlation (r) and p 
values. 
ALN BET CAL CLS GER GHY ORM TOR TRI 
Cd 0.973 0.955 0.870 0.894 0.984 0.973 0.961 
<0.001** <0.001** <O. 001** <0.001** <0.001** <0.001** <0.001** 
Cu -. 886 
0.19* 
0.832 
Ni 0.01* 
0.727 -. 843 0 791 Pb . 0.041 * 0.017 0.019* 
Zn 
0.858 0.825 
. 
965 0.900 0.848 
0.006** 0.012* <0.001** <0.001** 0.008** 
Table 5.4.2. r2 values for significant correlations produced in Table 5.3.1 for foliar and 
stem metal concentrations in Year 3 
ALN BET CAL CLS GER GHY ORM TOR TRI 
Cd 0.98 0.92 0.96 0.82 0.98 0.96 0.96 
Cu 0.59 
Ni 0.65 
Pb 0.52 0.82 0.63 
Zn 0.79 0.56 0.84 0.77 0.91 
Strong correlations were observed between stem and foliar concentrations for all willow and 
poplar taxa with Cd; all Salix had r2 values of 0.92 or higher (Table 5.4.2). Zinc was also 
strongly correlated, although r2 values were more varied and showed significantly more 
variation within genera; Alnus, three Saliz and one Populus showed significant r2 values. 
Correlations for Cu and Ni were limited to just one taxa, with lower r2 values. Although Pb 
exhibited a variety of correlations, the exceptionally low concentrations in foliage and 
particularly stem tissue, make the possibility of distortion of results very high. 
Cd and Zn were investigated in more detail with subsequent analyses of these 
data. 
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Figure 5.4.1. Cd concentration relationships between stem and foliage (p< 0.001). Lines 
either side of indicated extrapolated correlation line are 95% limits. 
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All Salix taxa showed a good distribution of data points from the range of sites, the majority 
within 95% Cl's. The spread of data for Populus taxa GHY and TRI was not as wide, 
probably due to low overall Cd uptake (Figure 5.4.1). When all Salix taxa were pooled 
(Figure 5.4.2) the overall r' value of 0.88 showed that, despite immense variation in soil and 
site conditions across the range of sites used to produce the data, these taxa show a strong 
relationship between stem and leaf concentrations regardless of site conditions. 
CAL 
appears to accumulate the highest amounts in the stem. Although accumulating 
less Cd is 
above ground parts, Populu. y showed a similar relationship 
for the two taxa planted. 
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Figure 5.4.2. Stem versus foliar concentrations of Cd when (a) Salix and (b) Populus are 
separately grouped within their own genus 
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Figure 5.4.3. Zn concentration relationships between stem and foliage (p< 0.05). Lines 
either side of indicated extrapolated correlation line are 95% limits. 
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Zinc does not show the same levels of correlation between stem and foliage as found with 
cadmium. ALN has a high r2 value, but over a narrow data range. CLS and GER and TRI 
do show a strong correlation and a good distribution of data at a range of values. Zn does not 
however, show the same correlation within the whole genus as was the case for Cd (Fig 
5.4.2) and data is not presented here. 
Stem and Foliar metal relationship Overview 
There is evidence that variation in uptake and partitioning is present in differing species and 
for some species and metal interactions a generalized prediction can be made on stem metals 
in comparison to foliar uptake. 
Clearly there is variation in the ratio over time (seasons and years) that is not reflected in the 
current analysis, it is likely that more metals would accumulate within the stem with time, 
changing the metal ratio between foliage and stem. Several studies 
have reported that metal 
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concentrations change with vertical distribution within the stem (Sander and Ericsson 1998), 
although a careful sampling regime has been used in attempt to gain a consistent mean 
concentration value. 
This experiment represents a snapshot after 2 full years of growth. Other physiological 
factors such as drought or disease may also affect the relationship between leaf and stem 
metal concentrations. It is encouraging that much of the variation shown in figures 5.4.1 is 
low and can be explained within the 95% confidence intervals shown. In this case it may be 
more realistic to use the confidence intervals to predict a possible concentration range from 
one parameter rather then using an individual figure. 
More data from field trials are needed to prove or disprove if these correlations are valid in a 
long-term field situation. 
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5.5 Relationships in metal distribution II: Soil and above ground biomass 
Another key issue when investigating generalized relationships is the soil metal 
concentration and its relationship with uptake into the above-ground biomass of the plant. If 
such relationships exist it may be possible to predict how much metal could be removed 
from the soil at a specific concentration. There are several methods of measuring and 
extracting metals from soil (Chapter 1, Section 5.1), and current data may reveal which is the 
most effective predictor of metal accumulation in above-ground tissues. Only stem data was 
assessed as a measure of above ground metal uptake, as this may prove to be a longer term 
metal sink than foliage, and is more difficult to measure non-destructively. 
Initial relationships between stem uptake and soil concentration were conducted using 
Pearsons product moment correlations (Table 5.5.1) using transformed data (log x+1) for 
stem (Year 3) and corresponding soil concentrations for EDTA extractable and Total soil 
values in year 1, for each species, pooled over all sites and for each metal. Only significant 
results are shown (p<0.05). Statistically significant results were subjected to additional 
scrutiny, by calculation of r2 values as shown in table 5.5.2. and scatterplots in Figures 5.5.1 
to 5.5.3. 
Chapter 5- Modeling and Interactions 184 
Table 5.5.1. Pearson 's correlation matrix for EDTA extractable and total (HNO3 
extractable) soil concentrations against stem concentrations in Year 3 for Cd and A. 
Values shown are person product moment correlation (r) and p values 
ALN BET CAL CLS GER GHY LAR ORM TOR TRI All All 
willow poplar 
Cd . 
976 
891 885 
. 
792 958 791 '812 - 
EDTA <0.00 1 0.017* 0.002* 0 060 Nt . 0 010* 
. 
034* 0 <0.001 <0.001 . . . 
Cd . 976 . 988 . 706 . 889 831 965 869 Total 0. 004* 0.012* 0.183 0 111 Nt . 0 169 . ** 0 008** <0 001 . 011* 0 * . . . . 
Zn 842 . 
824 
EDTA 0.035* 
0006* Nt 
* 
Zn 
. 
708 
Total 0.033* Nt 
Table S. S. Z. r2 values for significant correlations produced in Table 5.5.1 showing EDTA 
extractable and total (HNO3 extractable) soil concentrations against stem concentrations in 
Year 3 
, 
for Cd and A. Bold figures boxes show highest value. 
ALN BET CAL CLS GER GHY LAR ORM TOR TRI 
Cd 
EDTA 
0.1 0.99 0.88 0.95 0.78 Nt 0.97 0.85 
Cd Total 0.84 0.95 0.83 0.87 nt 0.89 0.88 
Zn 
EDTA 
0.73 0.74 Nt 
Zn Total nt 
The r2 values indicate strong correlations between EDTA and total soil concentrations and 
stern tissue for Cadmium in all Salix and Populus taxa. ORM was not tested due to a lack of 
data. Overall concentrations of Cd for Populus taxa are generally lower than those for Salix. 
Of the 4 Salix taxa, CAL GER and TOR all have significantly higher r2 values with EDTA 
than with total soil. The exception is CLS where the r2 total soil value 
is marginally higher. 
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Figure 5.5.1. Concentration relationships for tree species showing a significant relationship 
between stem Cd (Year 3) and total soil Cd (Year 1). Lines either side of indicated 
extrapolated correlation line are 95% limits. 
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Figure 5.5.2. Concentration relationships for tree species showing a significant relationship 
between stem Cd (Year 3) and EDTA extractable soil Cd (Year 1). Lines either side of 
indicated extrapolated correlation line are 95% limits. 
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Figure 5.5.3. Relationship between Cd concentrations in stems of all Salix taxa and (i) total 
soil Cd (upper graph) and (ii) EDTA-extractable Cd (lower graph) 
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Soil metal and stem metal relationships - Overview 
Although statistically it appears that total soil Cd and EDTA-extractable Cd are good 
predictors of metal concentrations in above-ground biomass, it is not until the entire genus is 
considered together that it becomes evident EDTA is a significantly better indicator. Soil 
concentrations of Cd are generally low in the present study and additional data with high 
concentration values would give extra confidence to the predictions. However, the present 
study examined real Brownfield situations where low level Cd contamination (as opposed to 
high level contamination) occurs on many sites. With different extracting solutions Cd in 
above ground biomass is strongly correlated to soil concentration, which has also been 
reported elsewhere (Vandecasteele et al. 2002). 
EDTA would appear to be a better predictor of stem uptake, especially when considering 
Salix as a whole genus (Fig 5.5.3). Total soil concentrations may be useful in certain 
species. Zn does not exhibit the same range of correlations across all taxa, although some 
individual taxa show strong relationships with EDTA extractable concentrations of Zn. 
Additional longer term field data is really required to verify these results. 
CaCI2 may also be a useful predictor of stem concentrations, however, recoveries were in 
many cases were below detection limits, not allowing a proper statistical evaluation (see 
section 5.1). 
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5.6 Changes in seasonal metal distribution 
Studies that have previously examined the use of Salix for phytoremediation have noted 
seasonal or annual differences between metal uptake in the leaves. Changes within a 
growing season occur, for example, due to elevated metal concentrations in leaves prior to 
senescence. Using data from field trials over 3 seasons, changes in metal content from one 
growing season to the next can be examined. If changes exist and are substantial, predictions 
of foliar uptake may be difficult, and may impact on optimal time of harvest. 
Data for foliar metal concentrations at the end of growth season 2 (1 S` full growing season) 
and growth season 3 were compared for each metal and each species (pooled across all sites) 
using a paired t-test on transformed data (log x+l) to ascertain if there were any significant 
differences. The results can be summerised as follows: 
0 Cadmium: No significant differences between year 2 and year 3 for all species / 
taxa 
0 Copper: ALN significantly different year 2 to year 3 p=0.004 (p <0.01) 
0 Nickel: GHY (p=0.03) significantly different year 1 to year 2 (P <0.05) 
" Lead: ALL species except LAR and GHY significantly different (p<0.01) 
" Zinc: TRI (p=0.026) significantly different year 1 to year 2 (P <0.05) 
Overall there is little difference between the quantities of metals taken up by foliage from 
Years 2 to 3, with a few exceptions. The result for Pb could be interpreted as misleading, 
concentrations are all extremely low and close to detection limits of the analytical techniques 
used. Small deviations that are most likely analytical error may 
be manifested as significant 
differences. The mean foliar conccntration of Pb in Year 2 is 1 mg k`g-' and the maximum in 
Year 3 is 5 nmg ICS 1 across all sites and species, representing minimal change. 
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ALN is able to accumulate significant concentrations of Cu in comparison to other species 
(Fig 5.2.2) with the highest mean foliar uptake of all species and a low variance, these results 
imply more Cu was accumulated in the foliage in Year 3. TRI is able to accumulate large 
amounts of Zn in foliage, however, the leaves of TRI have the largest area of any species 
used in the experiment. It is therefore difficult to achieve a homogenous sample which may 
contribute to apparent seasonal differences. Additional data collection should emphasize 
sampling and processing leaves of a known area to ensure parity between seasons and test if 
leaf area is a factor. Alternatively it may be another accumulation mechanism. 
It is unknown if the relationship between Year 2 and Year 3 foliar levels would change in the 
future as fluxes of stem and soil metals may change. However, in the context of this study it 
is an important factor as data from foliar in years 2 or 3 can be used as a comparison in 
assessments of uptake. Further research is required on ALN (copper) and TRI (zinc) to see if 
differences in foliar concentrations are due to an underlying physiological function or merely 
insufficient sampling and analysis practice. 
191 
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5.7 Changes in soil metal concentration after 3 years of tree growth 
Previous sections in this chapter have established that some tree species or taxa are able to 
accumulate metals in their above ground tissues. Consideration should be given to the 
potential for concentrations of metals present in soil to change after 3 years of tree growth. 
Processes will occur within the soil and root interface to allow metal uptake into above 
ground tissues and tree root systems are know to affect soil metal availability (Chapter 1). 
This comparison is has been assessed using EDTA extractable metal concentrations as they 
may represent a more realistic measure than total metal concentrations, but at a quantifiable 
limit of detection, unlike CaC12 where recovered concentrations were to low to allow 
statistical analysis. 
Figure 5.7.1 presents a visual indication of the changes in EDTA soil extractable metals from 
Year 1 to Year 3. It cannot, however, accurately reflect the site changes as it shows mean 
pooled data for all species, not allowing for variation that may be present within each plot. A 
paired t-test will produce a more accurate statistical result comparing samples directly from 
Year 1 to Year 3. 
All analysis was conducted using transformed (log x+l) data. Figures in italics were not 
significant, but close to the significance level of p<0.05 and may warrant some 
consideration. KS tests for normality were conducted and all interactions with the exception 
of Cd on MER 3 were found to be normally distributed. Due to the presence of non-normal 
data, the comparison was also conducted using a non parametric equivalent of the paired t 
test, the wilcoxian signed ranks test. Results were comparable to those achieved with a 
paired t test and therefore only the paired t-test data is presented in tables 5.7.1 and 5.7.2. 
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Figure 5.7.1. Mean concentrations of soil EDTA extractable metals in year 1 and in year 3 
for all experimental plots 
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Table 5.7.1. Significance (p) values from paired t-test for changes in EDTA extractable 
metals from Year 1 to Year 3 on each site. Values shown are p values. 
MER 1 MER 2 MER 3 CRM 1 KIR 1 FAZ 1 FAZ 2 COR 
Cd 0.017* 0.033* 0.028* 
I I 
Cu 0.038* 0.002** 
D D 
Ni 0.017* 
I 
Pb 
Zn 
0.060 0.065 0.023* 
D D D 
As 0.021 * 
D 
Table 5.7.2. Significance (p) values from paired t-test for changes in EDTA extractable 
metals grouped by species across all sites. Values shown are p values 
ALN BET CAL CLS GER GHY LAR ORM TOR TRI 
Cd 
Cu 0.038 
*D 
Ni 
005* Pb . *D 
0.035 
Zn *D 
As 
Key for figures 5.7.1 and 5.7.2 
D= Significant decrease in soil EDTA extractable metals from Year 1 to Year 3. 
I= Significant increase in soil EDTA extractable metals from Year 1 to Year 3. 
*= Significant at p<0.05 ** = Significant at p<0.01 
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Table 5.7.1 presents a range of results, not immediately showing any consistent pattern. The 
changes in Cd concentration, although statistically significant, showing an increase in KIR 
and COR and a decrease on MER 2 represent extremely small changes in actual field Cd 
concentration; mean concentrations for all 3 sites are less than 0.5mg kg-' EDTA extractable 
Cd. A similar pattern of low recoveries is repeated with Ni EDTA concentrations. 
Copper, Zinc and Arsenic are present and detection limits for these elements are not an issue. 
Copper concentrations have been significantly reduced at CRM 1 and COR, and Zn 
concentrations have decreased at CRM 1. Although not at a significant level (p<0.05) MER 
1 and MER 3 display p values marginally outside significant ranges suggesting some 
possible decrease in soil Zn. Arsenic also showed a significant decrease on MER 2. 
The same test was conducted by examining the same species or taxa across all sites (Table 
5.7.2). Although comparisons of year 1 and year 3 EDTA soil concentrations immediately 
below all species were tested the only significant results occurred for CAL, which 
significantly reduced Cu, Pb and Zn EDTA concentrations from year 1 to year 3. 
Overview 
Increases of Cd and Ni in soil during the experimental period indicated on Table 5.7.1, 
whilst statistically significant, do not necessarily translate to real field significance. If they 
are correct and not an error due to low analytical recovery values they would represent an 
actual increase of only between 0.1 - 0.25 mg kg"' EDTA extractable metal in soil. 
Only one tree species, CAL, showed a significant decrease of metals (Zn, Pb and Cu) in 
samples taken from soil below these plants. Although CAL does accumulate these metals 
(Fig 5.2.1) other Sali. y taxa accumulate similar above ground concentrations with no 
discernable change in soil EDTA metal concentrations. It may that another uptake 
mechanism is influencing metals around CAL., such as increased root uptake or rhizosphere 
processes that were not quantified and would benefit 
from further investigation. 
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Although previous studies in this chapter have reported elevated uptake of Zn and Cu in tree 
species (Section 5.2) it is not possible to conclusively state that the reductions in soil metals 
were due to tree performance. Other site processes such as changes in oxidation state, pH or 
leaching may affect metal balances in a more profound way. The ability for tree root 
systems to influence soil metal availability is discussed in Chapter 1. 
Other studies of changes in soil metals under Salix planting provide mixed results, Pulford et 
al. (2002) reported a rise in EDTA extractable levels of Cd, Cu, Ni and Zn on areas planted 
with the Salix taxa `Rosewarne White' when compared to unplanted areas. However, 
Eriksson and Ledin (1999) reported a 30 - 40% drop in CaCI, and exchangeable Cd in 10 
year old Salix stands compared to unplanted areas. 
Many factors contribute to metal availability on a site specific level and to form more 
accurate conclusions longer term assessments are necessary to accurately study change in 
mobility. This is a frequently overlooked element of phytoremediation or restoration 
schemes. Data suggests that trees can grow successfully on contaminated land, but very 
rarely are the long term effects on metal speciation considered, this is critical in assessment 
of ecotoxicity and human health. The limited investigations conducted in this experiment 
suggest that mobilization of metals is not significantly increased after 3 years of growth, 
which strengthens an argument that tree planting provides a degree of phytostabilisation as 
well as a landscape improvement and plant uptake. 
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Chapter 6: Survival, Growth and Yield 
6.1 Introduction 
The planting scheme used in this study is applicable to phytoremediation, community 
forestry and biomass crop production. All require successful establishment and continued 
survival and growth of the plants. This chapter considers the relative success of establishing 
SRC (or fast-growing trees) on contaminated sites, examining growth, mortality and yield 
over three growing seasons. Environmental factors that impact on the success of tree 
establishment and their possible effects at the experimental sites are also considered. 
The success of phytoremediation will be related to the proportion of planted trees that 
survive on the site, somewhat irrespective of their potential capacity for uptake or 
stabilisation. The amount of biomass produced may also be critical if the remediation 
mechanism is based upon phytoextraction (Chaney et al. 2000; Pulford and Watson 2003). 
For community forestry, excessive tree mortality will reinforce negative effects on land or in 
areas that already have a cycle of deprivation (Perry and Handley 2000). Replacing failed 
trees may be impractical and prohibitively expensive for community led schemes. If the trees 
grown are to be used for timber related products or other commercial concern then achieving 
the best yield possible will be important to maximise revenue (DEFRA 2002a). Continued 
high yields may also be important to sustain any commercial enterprise and therefore allow 
effective ongoing management (Mitchell et al. 1999). 
Chapter 6- Survival, Growth and Yield 197 
6.2 Monitoring and measurement of biomass 
An annual census was conducted for each plot to record the presence or absence of 
individuals of each species or taxa, plus a measure of overall height. In the case of multi- 
stemmed trees, the height of the tallest stem was recorded. Because of the large number of 
plots and trees not every stem was measured; those on the edges of species blocks were 
excluded to remove potential error due to edge effects. This allowed measurement of 
approximately 70% of the plot in order to provide an accurate representation of growth and 
mortality. Full details of monitoring techniques are provided in Chapter 3. 
Destructive measurements to assess total yield or biomass were conducted at the end of 
Season 3 for Salix, Populus and Alnus species (see Chapter 3). Data presented below for 
survival and growth excludes the small plot at Corus (CORI) site. This is due to the large 
differences in experimental design between COR 1 and all other plots in the study, and 
because too few trees were planted to make accurate assessments of mortality and biomass. 
The site SUG 1 is excluded from several of the comparisons in this section due to different 
coppicing regimes. It is, however, included in a separate section of this chapter. 
6.3 Results of Establishment and Mortality 
Figure 6.1 shows the cumulative increase in mortality of species at each site over 3 growing 
seasons. Mortality and establishment were considered in several different ways: 
6.3.1 Establishment and mortality 
The establishment of plants by the end of the first full growing season is critical as it is the 
time when stock may be lost and is most susceptible, especially for bare rooted coppice 
species or taxa and those planted on marginal or problematic land (Bending and 
Moffat 
1999, Putwain et al. 2003). If mortality is high at an early stags, cost 
implications to replace 
failed stock will be great and potentially prohibitive for the scheme to continue. 
Values for 
2001 percentage mortality (Figure 6.1) were used to assess the relative success or 
failure of 
establishment of each species or taxa at each site. 
With the exception of larch, which 
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consistently had high levels of mortality on all sites, establishment in Year 1 was good. Sites 
range from almost zero percent mortality (for Faz 1, Mer 3), but did not exceed 20% for any 
other site and were generally much lower. An exception was on Merton 1 where Year 1 
mortalities typically lie in the range from 20% to 50%. Some of this loss can be attributed to 
vandalism in Year 1, as this was the only plot to suffer significant removal and destruction of 
stools that were not replaced. It is also the only plot to be situated on a steep incline, which 
may have led to problems of moisture retention, exposure and soil stability. Sugar Brook 
(SUG 2) had a elevated mortality rate in Year 1, probably attributable to weed control issues 
during the season after cutback and the removal of an entire row through incorrect weed 
management and strimming. 
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The uniformly high mortality of larch (20% to 77% at all sites) was a significant problem. 
The fact that mortality levels were relatively consistent across all sites would suggest the 
high death rate could be attributed to poor quality stock, incorrect planting season or method, 
waterlogged sites or a lack of ability to establish on low fertility sites. 
Other experiments involving the establishment of trees on derelict land have cited levels of 
mortality of between 23% (minimum) and 60% (maximum) cumulative mortality over 3 
growing seasons for a mixture of trees growing on closed landfill sites (Putwain et al. 2003), 
with similar field conditions to those investigated in this project. The same study showed 
over 40% mortality on 6 of 11 sites. 
Mortality data for Year 1 plotted for each individual species or taxa (Figure 6.2) showed 
relatively little deviation for each species spread across all sites. With the exceptions of 
MER 1 and SUG 2 (described above), all species showed little deviation between sites and in 
general fell below or within 1-2% of the species mean, represented by the dashed line on 
Figure 6.2. 
Sites such as CRM 1, MER 3 and FAZ 1 fell consistently below the average percentage 
mortality for all species, with mortalities of less than 10%. Although FAZ 
2, KIR 1 and 
MER 2 are more variable they do not deviate far from the mean for all species. Average 
species mortalities at the end of Year 1 were similar, if ranking was applied 
Betula was the 
most successful, with an average of only 7% mortality at the end of the 
first season, followed 
by CAL and ORM. Conversely Larix is the least successful, followed 
by GHY and ALN. 
However, the difference between Betula and GHY, that can be considered at either end of 
the mortality scale (excluding larch) was only 
6%. 
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Six of the seven sites in the study had a mean total year 1 mortality of less that 10% (Figure 
6.3). Because of the large difference in the mortality of larch compared to other species it 
has been excluded from this calculation. The poorest performing sites were MER 1 and 
SUG2. The MER sites show a large variation, reflecting the difference in performance 
between taxa that can clearly be identified on Figure 6.3. 
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Figure 6.3. Percentage mean mortality at the end of the first growing season (pre cut-back) 
for all species pooled at each site 
Cutting Back related mortality 
Large increases in mortality between Years 1 and 2 may indicate that cutting back (which 
took place at the end of year 1) was detrimental and caused excessive numbers of trees to die 
(Figure 6.1). Species with a sharp increase in mortality from years 1 to 2 were those in 
which the cutting-back process had a potentially negative effect. 
An easier way to examine these data is to focus on the changes in mortality from Season I to 
Season 2 in isolation and to compare them with the changes in mortality from seasons 2 to 3. 
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This gives an indication of the potential level of mortality if the trees had not been coppiced 
(Figure 6.4). Alnus, Betula and Larix were not cutback at the end of the first growing season 
and these species are discussed separately later in this section. 
Figure 6.4 shows CAL, CLS and GER had small increases in mortality from Year 1 to 2, 
indicating that these taxa were relatively unaffected by the coppicing process; in many cases 
the increase in mortality from years 1 -2 (the first full growing season) showed little 
difference from the Year 2-3 figures, showing the former could simply be the `background' 
or natural mortality figures that could be expected irrespective of coppicing. ORM exhibited 
a low mortality increase across the sites with one exception. Year 1 -2 mortality change 
figures are highly accentuated for all 3 plots on Merton Bank, over double the mean value of 
all other sites, indicating this taxa may have reacted badly to coppicing on this site only. 
TOR showed similar patterns, although not so pronounced, the loss on Merton 1 was over 
double of any other site. It should be noted that where a negative figures are represented on 
Figure 6.4 this most likely represents regrowth or regeneration of coppice stools, and is a 
unavoidable experimental error when investigating coppice species. 
The most notable observation was the consistently high increase in mortality from Years I to 
2 on all sites for GHY and TRI, the only two poplar species. These are especially noticeable 
as large increases in mortality for the year after cutback (1 - 2) occurred on sites such as 
CRM 1, FAZ 1 and FAZ 2 and MER 3, all of which exhibit low levels of mortality for all 
other species. The supposition that they reacted badly to being cut back after Year I is also 
manifest in other ways. The increase in mortality for Year 1 to 2 is increased rapidly (Figure 
6.4), but in all sites the increase from Years 2 to 3 is lower, in many cases zero, indicating 
those species that survived the cutting back thrived the following season. F, stablishment of 
both these species was gcncrally low on all but a few sites (Figure 6. I ), the better 
establishment in the Year 1 to 2 season. 
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It is uncertain why poplars reacted negatively to the cut back, although this has been noted in 
other studies (Herve and Ceulemans 1996), specifically with reference to poor competition at 
regrowth, causing the loss of smaller shoots. Another possible suggestion is the poor 
performance of Populus generally at more northern latitudes when compared to Salix. In 
addition poplars have a high degree of apical dominance (Tabbush and Beaton 1998; 
Laureysens et al. 2003) and seldom produce more than 2 or 3 stems after cutback. If willows 
respond with faster growth rates after cutback it may be that poplars were out-competed in 
the mixed stands. Higher mortalities post cutback have been reported in other studies, with a 
possible explanation being the poor rooting capacity of P. deltoides on soils with higher bulk 
densities. Better cropping, certainly in the establishment season can also be achieved by a 
single 4-year harvest as opposed to two 2 year harvests (Armstrong et al. 1999). This should 
be noted for future harvesting and yield research on brownficld land. 
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6.3.2 Year 3 (overall) mortality by species 
Figure 6.5 represents the overall success of each species or taxa for the duration of the 
experiment by showing total mortality at Year 3 after harvesting. The solid black line on 
each graph represents the average mortality for each species across all sites and these data 
are represented in Table 6.1. This measure of total mortality is significant as it represents the 
number of trees that will be present for the next harvest rotation assuming no further losses. 
All Salix taxa performed well, and with the notable exception of two sites (MER 2 and MER 
1) were below average mortality. CAL showed the lowest mortality with an average of only 
13.7%, closely followed by GER with 15.4%. TOR was the poorest performing Salix taxa 
with an average mortality of 26.3%. Betula showed a high overall mortality with an average 
of 29%, compared with just 7% at the end of Yearl, at this time the best performing species. 
This change is unsurprising given the growth conditions and close spacing, slower growing 
Betula could not compete with fast growing willow, with coppice species achieving canopy 
closure considerably faster. Alnus however did not show similar characteristics and had a 
mortality of only 18.8% showing it could survive well in the multi-species mixture and in 
many cases exceed the survivorship of SRC species. 
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Table 6.1. Mean percentage mortality for each species after 3 growing seasons pooled over 
all sites. 1= least mortality, 10 = greatest mortality 
Species % Mean 
Mortality Rank 
CAL 13.7 1 
GER 15.4 2 
ALN 18.8 3 
CLS 21.5 4 
ORM 22.6 5 
TRI 25.1 6 
TOR 26.3 7 
BET 29.0 8 
GHY 30.5 9 
LAR 82.5 10 
6.3.3 Inter Experimental Comparison 
It is possible to compare the cumulative mortality of species after 3 seasons in the present 
study (Brownfield Project), with similar data obtained from a field experiment at Kirby Moss 
from 1998 - 2000 (Landfill Project) (Rawlinson 2001). Although planting methods and site 
preparation were slightly different the experiment provides an approximate comparison, 
specific to this site. Species such as Alnus incana and Betula pendula can be compared 
directly as the same species were used in both experiments over a3 year timescale. For 
Salix an average was taken from the range of Salix species used, as no direct comparison for 
individual taxa was possible. 
Figure 6.6 shows the large reductions in mortality for Salix and Alnus grown on the 
brownficld site, although losses of Betula remained similar on both plots. One possible 
reason for the better performance of Salix and Alnus was the more intensive ground 
preparation and subsequent management used in the present study. 
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6.4 Tree growth 
Height data were collected from all species over 3 growing seasons. This provided a simple 
and effective growth measurement for broadleaved species such as Betula, Alnus and Larix 
and can be used to assess annual increment growth. The usefulness of this approach is 
limited in coppiced taxa such as Salix and Populus that produce multiple stems from each 
stool. Considering height only and not stem number or diameter would not be an accurate 
reflection of growth or biomass production. In addition this method is prone to error with 
species that have been cut back, for example, after the first year of growth and then failed to 
re-grow to the initial height, effectively producing negative growth increments. Data for 
height increment growth of Alnus and Betula are shown in Figure 6.7; due to experimental 
error there were no height increment data for Year 3 on KIR 1 and SUG 2. Larix has been 
omitted as, due to the extremely high mortality rates, there were insufficient data for each 
site. Alder was also assessed using the biomass technique described later in this chapter. 
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Growth of Betula was superior on many sites in the first year, this was due to; (a) stock 
already having significant height when planted and (b) little initial competition due to willow 
and poplar planted from unrooted cuttings. Growth was reduced season by season as the 
willow canopy closed above the slower growing Betula. Alnus by contrast exhibited a 
constant seasonal growth rate, demonstrating its ability to grow effectively in competition 
with the densely planted willow. 
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6.5 Biomass Assessment as a measure of growth. 
Measurement of the growth and production of coppice species is generally determined by 
total biomass, the weight of all stems of the tree, corrected for moisture content and 
expressed as a `weight per unit area', typically in oven dry tonnes per hectare, (odt ha-'). 
This figure accounts for height, girth, taper and most importantly number of stems produced 
by individual plants. It will also take into account losses though mortality on the overall net 
biomass figure. Full details of these methods are given in Chapter 3. 
6.5.1 Is destructive harvesting necessary? 
The only method for accurately assessing the growth and yield of biomass trees is via 
harvesting all individuals of the same species and weighing them. This was the method 
adopted on all experimental plots at the end of the second full growing season. 
Other than accuracy this method has many drawbacks. For a realistic comparison all species 
have to be felled simultaneously, so no season to season assessment can be made. The 
process is time consuming and labour intensive, and may be impractical for plots any larger 
than those used in this experiment. Other non-destructive methods of biomass assessment 
have been developed for use in the commercial market where destructive sampling is 
impractical. These models typically involve the measurement of parameters such as stem 
diameter, height and number of stems in order to estimate biomass production. The 
formation of generalised models is difficult and many have been based on allometric 
regressions that have been devised for specific site / species / age combinations (Ben Brahim 
et at. 2000). Heinsoo et al. (2002) identified several factors that make the production of a 
generalised model difficult such as soil nutrient status and age of stems affecting dry weight 
of shoots of similar heights and diameters. Vcrw ijst and Telenius (1999) reinforced that 
weight diameter relationships are specific for age, species and stands and that a biomass 
estimation procedure is ultimately a compromise. 
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Current models being developed in the UK for willow and poplar species involve the long 
term monitoring of over 40 sites in the UK and Ireland (Armstrong 1997; Tubby and 
Armstrong 2002). 
6.5.2 Field Biomass Assessment 
Biomass was assessed via destructive harvesting during November and December 2002. the 
end of the 3rd growing season, representing 2 full growing seasons since the trees were 
cutback at the end of year 1. Biomass assessments were made of all Salix and Populus taxa, 
plus Alnus, which has the potential to be used as a short rotation crop (Johansson 2000; Uri 
et al. 2002). Annualised biomass production of all species for each plot in odt ha-' yr' using 
data from 2 full growing seasons (Years 2 and 3) is shown in Figure 6.8, with means of the 
data summarised in Figure 6.9. 
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ALN CAL CLS GER GHY ORM TOR TRI 
Species 
Merton Bank 
Merton 1 exhibited the poorest biomass production of all the sites assessed. This is 
unsurprising given the high mortalities described previously, plus other site constraints such 
as insufficient water and nutrient retention, unstable soils, vandalism and very high Arsenic 
concentrations. Alnus is very productive, probably due to its ability to fix nitrogen in poor 
soils and demand less water than Salix or Populus. The only species that produced a higher 
biomass yield was TRI, double the yield than any other coppice species. The reason for this 
is unclear. Merton 2 showed an identical pattern to Merton 1 but with slightly elevated 
levels of production across all species. ALN and TRI produced significantly more biomass 
then other species. This pattern is also repeated on Merton 3, although biomass production 
for other species was also improved. 
Cromdale Grove 
Biomass yields at this site were the highest of plots in the study. All Salix species with the 
exception of CAL have biomass yields above 10 odt ha-' yr-'. GHY and TRI produce 
significantly less biomass than Salix. Alnus production was less when compared to 
Salix 
taxa, possibly due to a more fertile soil and competition by the faster growing willows 
better 
able to exploit this site. 
Kirby Moss 
This site showed a similar growth pattern to Cromdale 
Grove, with ORM, TOR and CLS 
exhibiting the greatest productivity at approximately 
10 odt ha-' yr-', and CAL the least 
biomass of all Salix taxa. GHY and TRI yield less than willows, 
but TRI produced twice the 
amount of biomass of the other poplar taxa, GHY. 
FAZ I 
The same broad picture was apparent 
for ORM, TOR and CLS, with the highest yield figures 
at around 10 odt ha-' y'r-', and CAL producing 
the least biomass of the . tia1ix taxi. 
How ever, 
? lEý 
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TRI made significant improvements on this plot to show yields figures within 1-2 odt ha-' yr 
1 of TOR and CLS. Alder production was, however, low at this site. 
FAZ 2 
FAZ 2 is described later in this chapter due to different experimental treatments on the plot. 
SUG 2 
Overall SUG 2 showed low biomass production compared to other experimental plots. CAL 
still showed the lowest biomass production of Salix taxa and CLS and TOR the most, 
although in this case only just above 6 odt ha-' yr'. 
Ranking Biomass 
Ranking the yields for each site, shows the position of each species within each plot based on 
total biomass figures (Figures 6.8 and 6.10). 
Table 6.2. Ranked biomass for each species / taxa ranked within each site. 1= largest 
biomass, 8=least biomass 
MER 3 MER 2 MER 1 CRM 1 KIR 1 FAZ 1 FAZ 2 SUG 2 
ALN 2 2 1 7 3 8 8 1 
CAL 8 5 3 6 7 6 4 7 
CLS 1 3 5 2 5 2 2 2 
GER 7 6 6 4 4 4 5 4 
GHY 4 4 4 8 8 7 6 8 
ORM 5 7 7 1 1 1 1 5 
TOR 6 8 8 3 2 3 3 3 
TRI 3 1 2 5 6 5 7 6 
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Summary 
The mean biomass produced per species and per plot is shown in Figure 6.9 and ranked in 
Table 6.2. Overall the highest biomass yielding taxa were CLS and ORM. closely followed 
by TOR and ALN. TRI was the highest yielding poplar. However, as can be seen by the 
error bars, the variation in all willow production was large, reflecting site effects described 
previously. The variance for poplar and alder was much less, reflecting less extreme 
variation due to environmental conditions. 
Figure 6.10 shows biomass production for each species across all sites, allowing a 
comparison of site variation in biomass production of individual species or taxa. The dashed 
black line represents the mean production for that species calculated across all sites. 
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Figure 6.10. Total biomass production of each species / taxa in ODT ha-I yr' after 2 full 
growing seasons. The dashed line represents the species average from all sites. 
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6.6 Differential coppicing regimes - Sugar Brook 
The two plots at Sugar Brook, although almost identical in design, preparation and planting, 
differed in coppicing regime. SUG 2, along with all other experimental plots, was cut back 
at the end of year 1. SUG 1 was not coppiced at this time and was allowed to continue 
growing for 3 full seasons with no coppicing conducted until the final harvest. All other site 
works such as weed control were carried out in a similar manner for each plot. This allowed 
a direct comparison of the effects of coppicing on tree establishment and biomass 
production. Figure 6.11 shows the total biomass production for each coppiced species on 
each plot, ALN has been included for comparison but was not cut back at year 1. In this case 
the total biomass over 3 years has been calculated and not the annualised yield, as the aim 
was to examine if coppicing affected the total initial harvest yields. 
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The same broad pattern of relative success for each species can 
be seen here as is reflected in 
the ranking exercise in Table 6.2. It is clear that the species not coppiced perl 
rmed 
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1% 
marginally better than those that were coppiced (in all but 2 cases). The two exceptions were 
CLS and GER, but the additional biomass gained by coppicing was small, only 1 odt ha-' or 
less. The most pronounced difference was in TRI and CAL taxa, where not coppicing led 
to almost a doubling of biomass. Poplars do not respond in the same way as willows to 
cutting back. Many poplar species show strong apical dominance and cutting back may only 
produce two or three main stems, which may be insufficient to shade out weeds (Tubby and 
Armstrong 2002) and compete with Salix taxa if grown in a mixture. Research suggests it 
may be beneficial not to coppice poplars until the first full harvest (Laureysens et al. 2003) 
this data seems to be corroborated with the results from this study. CAL would seem to be a 
slower growing taxa as it consistently produces less biomass on many plots (Fig 6.11). In 
this case coppicing has reduced its ability to compete with other species and taxa from re- 
growth, a lack of coppicing however, allows comparable growth rate with other taxa. 
Comparison of the increases in mortality between Year 1 and Year 2 (before and after 
coppicing) exhibited a strange result (Figure 6.12). In nearly all cases species that have been 
coppiced have less of an increase in mortality than those that have not, although differences 
in many species vary by only a few percent. This, however, contradicts earlier suppositions 
that species had a higher mortality rate as a result of being cut back. A notable exception 
however was TRI, where no coppicing produced a 1% increase in mortality compared to a 
15% increase where this species has been coppiced. 
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Figure 6.12. Percentage mortality change from Year 1 to year 2 (before and after 
coppicing) on Sugar Brook. 
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Figure 6.13. Percentage total mortality, on Sugar Brook at end of Year 3 
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Figure 6.13 shows the total mortalities at the end of Year 3 and these broadly reflect the 
earlier percentage mortality changes. Of particular interest is CAL, this taxa had an almost 
identical mortality rate, but when observing the biomass data it can be seen that the non- 
coppiced plot produced double the biomass. CLS and GER showed large changes in 
mortality, but very little difference in biomass. GHY and TRI followed a similar pattern of 
10% less mortality when not coppiced with the effect of producing more biomass. 
Future work of interest would be to investigate the effects on the next cycle of harvesting, for 
example to determine if an early trade off in biomass due to coppicing provides a stronger 
more developed crop at the subsequent harvest. 
3 
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6.7 Soil Amendment experiment - FAZ 2 
The plot FAZ 2 was constructed to test the effects of different soil amendments and how 
they may influence the uptake of metals or affect tree growth. Full experimental details can 
be found in Chapters 3 and 4. To summarise, the plot was sub-divided into 3 replicate 
treatments, each with a different amendment incorporated into the soil. The first was treated 
with sewage sludge at an equivalent rate of 595 tonnes ha-1, the second with dried sewage 
cake at an equivalent rate of 595 tonnes ha-' and the third received no amendment. Each 
treatment was planted with the same block design and number of species. The influence of 
these treatments on the cycling of heavy metals is discussed in Chapter 5. Figure 6.14 shows 
the biomass production figures for the 3 treatments, together with the pooled figures for the 
entire plot. 
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The overall response to the treatments showed that, in 7 of the 9 species tested, the addition 
of sewage cake increased biomass production over the effect of adding sewage sludge or no 
amendment. For 4 species tested (ALN, GHY, ORM, TOR) the addition of sewage sludge 
caused a decrease in biomass from the control (no amendment) treatment. Visual 
observations of the plot suggest this was due to the difficulty of incorporating sludge evenly. 
Large areas of sludge were not fully incorporated and the land became waterlogged or 
detached from the soil. Due to the drier, more friable nature of sewage cake it was more 
easily incorporated into the soil. This site was prone to natural waterlogging and therefore 
the addition of sewage sludge may have exacerbated this problem in places. 
Table 6.3. Percentage increase or decrease in yield comparing control treatment (no 
amendment) to amendments using sewage cake on FAZ 2. 
Species % change in yield from 
control using sewage cake 
ALN 6.3 
BET 120.3 
CAL 71.2 
CLS 4.9 
GER 55.5 
GHY 5.7 
ORM -6.4 
TOR 28.4 
TRI 80.8 
Moffat et al. (2001) conducted a similar experiment using poplar cultivars Beaupre and 
Trichobel, with different rates of sludge and irrigation. They concluded that sludge 
application rates had no significant effect on biomass production, due to underlying fertility 
of the soil, but that irrigating the trees had a positive effect on yield. The non irrigated 
clones of TRI yielded between 2.19 and 4.13 odt ha-' yr-'(n=3), compared to 
4.81 and 5.96 
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odt ha-' yr-' for sludge and cake treatments respectively on the FAZ 2 plot in the present 
study. Similar experiments also conclude that with the addition of soil amendments, water is 
more of a limiting factor than nutrients (Hasselgren 1998). In the present study water was 
not a limiting factor due to wet summers and the low lying nature of the plot that was 
frequently waterlogged. Experiments by Adegbidi et al. (2003) concluded that a high rate. 
single application of lime-stabilised sewage sludge was more effective to increase yield 
production than stands amended with traditional slow release fertilisers such as Osmocote. 
This is significant as inorganic fertiliser addition suggested by DEFRA (2002a), constitutes a 
considerable expenditure. It also allows for a single application of sewage amendment, an 
option supported by several studies, as repeat applications to a mature crop of SRC are 
operationally problematic. 
The fertiliser potential of sewage products for forestry is well supported (Wolstenholme et 
al. 1992). Use of organic amendments in forestry has mainly been in restoration schemes 
where organic matter has been lost due to mining operations (Bending and Moffat 1999; 
Rate et al. 2004) or on substrates with naturally low nutrient supply, such as spoil heaps. Its 
use in SRC production is also receiving considerable attention (Riddell-Black 1995; 
Hasselgren 1998; Nixon et al. 2001). Many experiments have concentrated on the ability of 
short rotation coppice to remediate land contaminated by historic sewage sludge application 
(Pulford et al. 2002) whist others have advocated additional sludge application, harnessing 
the increased nutrient status of such soils to produce increased commercial yields on 
otherwise non productive sites (Steer 1997; Bardos et al. 1999). 
The present study, supported by others cited above, suggests that correctly applied and 
incorporated sewage cake can increase biomass yield in a majority of 
Sali. r and Populus 
species. However, the issue remains of 
introducing heavy metals inevitably present in 
sewage sludge and their subsequent ecosystem mobility. 
This topic is discussed in Chapter 
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6.8 Discussion 
Many different biotic and abiotic factors affect establishment and growth of coppice, 
including climate, pests and weed competition. These are beyond the scope of this 
investigation, but the close geographical proximity of these sites and consistent nursery stock 
for site planting, preparation and maintenance has helped to negate or balance these issues. 
Overall mortality of willows was low compared to other studies on agricultural soils, perhaps 
due to the use of polyclonal stands. Although the decision to plant 10 different species 
within each plot was governed primarily by the requirement for experimental diversity, there 
is strong evidence that growing coppice within a polyclonal environment is beneficial in 
terms of survival and yield (Dawson and McCracken 1995). McCracken et al. (2001) tested 
up to 20 different Salix taxa grown in mixtures and monoclonal plots, principally to reduce 
the transmission of rusts such as Melampsora. The experiment was successful in reducing 
fungal pathogen transmission and increasing biomass yield using mixtures over monoclonal 
plots. Salix grown in monoclonal plots with an absence of genetic diversity are particularly 
susceptible rust and other fungal and herbivorous attacks. 
There may be an advantage in added biodiversity when the range of species or taxa used is 
increased (Perttu 1998). This experiment has also introduced additional diversity by 
growing species such as Alnus, Betula and Larix within a short rotation forestry system. 
Although larch and birch performed relatively poorly, mainly due to competition from faster 
growing coppice species, they will have added diversity and may have reduced or prevented 
transmission of disease and thus increased the yield of SRC species. In most cases. -llnus has 
been a success in biomass production and survivorship grown alongside 
Salix and Populus 
coppice species. Soil nitrogen fixation associated with jilnus root nodules 
has been used in 
other schemes to act as a nurse crop and aid the `growth of other species 
that lack nitrogen 
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fixing bacteria grown on nutrient poor soils, although the utilisation of nitrogen may take up 
to 5 years to be significant (Moffat 2000). 
From a risk management, phytostabilisation or community forestry perspective, the use of 
mixed plots can be strongly recommended, adding biodiversity and survivorship in the long 
term. However, if used on a commercial scale it may not be practical given commercial 
harvesting machinery set up for Salix harvesting and problems with the regrowth of alder, 
birch or larch from harvesting. 
On average Salix taxa such as CAL and GER showed poorer biomass production, but also 
showed the lowest mean mortality over 3 years. It may therefore be possible to select taxa 
on a `fit for purpose' approach where long term survival may be a more desirable trait than 
biomass production. Clearly such a decision making process may also include the amount of 
metal removed if phytoextraction is desired, this is discussed in Chapters 5 and 7. Of future 
interest would be subsequent sets of harvest data, to determine whether lower mortality leads 
to higher growth and biomass production in future seasons. 
Biomass yield varies across all sites. For all Salix species a clear difference can be assigned 
between those growing on the MER and SUG sites, where yields fall below the average for 
all sites, and the CRM, FAZ and KIR sites where average yields are all above the experiment 
average (Figure 6.15). Average yields of short rotation forestry across central and northern 
Europe are estimated to be approximately 8-12 odt ha-' yr-' (Makeschin 1999), although this 
may assume some degree of fertilisation or irrigation, which has not been undertaken on 
many of the experimental plots in this study. Based on funding and economic return 
considerations a yield of around 8 odt ha-' yr-' (Mitchell et al. 1999) to 10 odt 
ha-1 
yr 
(Tubby and Armstrong 2002), is desirable to provide a viable economic return. although 
initial yields in the range of 7-12 odt ha-' yr' should be considered acceptable 
(DEFRA 
2002a). An a\ trage baseline figure for hionmass production of 
10 odt ha ' yr-' has been 
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reached or exceeded by 4 of the 5 species on Cromdale Grove, 3 of the 5 on Faz 1 and 2 of 
the 5 for Kirby Moss. Furthermore, many other species achieved a yield of 7.5 odt ha-' yr ', 
approaching the 10 odt ha-' breakpoint, and still within the acceptable limits for an initial 
harvest. 
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Figure 6.15. Biomass of selected clones in ODT ha-' yr ' (based on 2 year harvest) related 
to potential economic viability 
Data collected as part of the Forestry Commission research programme into site / yield 
relationships (Tubby and Armstrong 2002) showed that, although demonstrating 
considerable variation, the yield for the second 3 year cutting cycle had increased from 8.8 to 
18.22 odt ha-' yr-indicating that future harvests have the potential for much higher yields 
once a crop is established. 
It similar patterns of harvesting were to be repeated at the next cutting cycle it is entirely 
possible that all the willow species grown on the 'best' sites CRM, FAZ and KIR would 
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exceed the 10 odt hä-' yr-' figure, as well as several species growing on the NIER sites. 
showing potential commercial viability. However, species not reaching this threshold should 
not necessarily be discounted from use, depending on the perceived end use (i. e: non- 
commercial), lower yields could be tolerated should the site be for a landscape, amenity, 
community or risk management goal where survivorship would be of more importance. Of 
concern however, is the sustainability of continued harvesting over a traditional 15, - 20 year 
life cycle of the crop. On nutrient poor brownfield sites it may be that nutrient depletion 
occurs at a considerably accelerated rate, reducing future yields unless nutrient amendments 
are used. It may also be necessary for additional weed control after sites are harvested, to 
allow successful regrowth the following season. 
Although direct comparisons of biomass production should be treated with some skepticism 
due to experimental differences, it is possible to compare the yields obtained in this 
experiment with those from other studies. Figure 6.16 shows average biomass data from this 
experiment, split into all sites and best sites (CRM, FAZ and KIR, as described above), data 
from Forestry Commission long term trials in the North West (Forest Research 2003) and 
experiments conducted by Bullard et al. (2002). All data have been standardised for planting 
density, harvest frequency and species as far as possible, but where these differ it is 
indicated. 
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Figure 6.16. Comparison of biomass production in this study to that achieved in different 
experiments. 
* Data from FC and Bullard is from Salix dasvclados, a similar parentage taxa (cap x cin x vim) to 
CAL 
** Data from Bullard is for Salix viminalis cv. Journn, a similar parentage taxa (vim x vim) to ORM 
The main objective of Figure 6.16 is to illustrate that yields, certainly on the better sites, 
compare favorably with those grown in other studies. Alnus yields were high across most 
sites, matching short rotation taxa on many occasions. Although data for Alnus grown in 
short rotation systems is rare, the best yields obtained by Steer (1997), were 2.93 odt ha-' yr-' 
New, higher planting densities of between 23,700 - 111,000 plants ha-' now being 
introduced for SRC can increase biomass yield for certain species, and shorter harvest 
intervals, such as biennial harvests will increase biomass (Bullard et al. 2002). However, the 
advantage of this may be negated if polyclonal mixtures are used at denser spacing and this 
work is based on fertilised agricultural land, not brownfield sites where higher planting 
densities may not be sustainable. 
Chapter 6- Survival, Growth and Yield 231 
The present study shows that it is feasible to grow selected tree species and taxa on 
contaminated land, with generally low mortalities and potential commercial yields, although 
there is insufficient data to conclude that this will be sustainable. Correct crop management, 
such as ground preparation and weed / pest control, appears to be more important than soil 
contamination levels. There was no evidence of significant phytotoxicity from soil metals. 
with the possible exception of high soil arsenic levels at Merton Bank, which may have 
negatively impacted biomass production. 
232 
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Chapter 7: Predictive Uptake Models 
7.1 Introduction and methodology 
In previous chapters the extent to which individual varieties or taxa accumulate metals in 
their above ground-tissues (Chapter 5) and their biomass production over a2 year growing 
period (Chapter 6) has been investigated. 
Different phytoremediation strategies may require specific attributes of a tree species. For 
example, phytoextraction requires high biomass and high uptake, (predominantly into stem), 
Y 
commercial biomass production requires high biomass and low metal uptake and community 
forestry requires low mortality, moderate growth and biodiversity. To accurately predict the 
long term field potential of these differing strategies it is necessary to collate data in order to 
examine the actual quantity of metals removed at harvest, and those removed from or left in 
the soil. Such extrapolations must take into account factors such as seasonal leaf fall that 
may potentially return metals to the soil surface or allow dispersal into the wider 
environment. 
Previous studies have used similar techniques to estimate the amount of time required to 
remove a given quantity of contaminant from a contaminated soil (Riddell-Black 
1994; 
Pulford et al. 2002; Vervaeke et al. 2003). Such studies, through necessity, are 
frequently 
based on a number of assumptions in what is inherently a temporally and spatially variable 
biological system. Extrapolations made in the present study are based on real-time 
field data 
collected over a3 year period. 
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7.2 Extrapolations 
When extrapolating uptake and yield data, several assumptions were made (Table 7.1). 
Table 7.1. Summary of assumptions used for biomass predictions in the present studt- 
Assumption Description 
Use of average yield for each 
Although this is calculated from replicate blocks, 
species. variability may 
be high within species, even within a 
small plot. 
Use of average uptake figures These uptake figures may vary within species or taxa 
for stem and foliage and within a small plot. 
Assumptions are made as if I ha was planted with the 
same taxa, and not in a mix as occurred in the 
1 Using ODT ha figures per 
experiment. Growing large areas of monoclonal trees 
species / taxa may reduce yield, 
for example due to rapid pest 
transmission or nutrient depletion. Conversely 
successful growth of the most suitable taxa may 
increase yield. 
Calculations of foliar biomass were based on research 
Using foliar biomass data conducted elsewhere and from literature sources. 
Soil conditions (e. g. pH) change over time, potentially 
Consistency of contaminant changing soil contaminants available for uptake. Soil 
availability and uptake rate conditions and contaminants are assumed 
over a3 year period or longer homogeneously dispersed, which is frequently not the 
case (Chapter 4). 
Growth rate over 2 years is assumed to be sustainable Growth Rate 
and constant. 
e. g.: drought, sudden change in soil conditions (pH, No major physiological waterlogging, nutrient leaching etc), major pest attack impediments to tree growth etc. 
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7.3 Calculating Leaf Biomass 
No field measurements were made during this study of leaf biomass as a constituent part of 
total above-ground biomass. Stems were harvested in the winter when no leaves were 
present. 
Few studies have been conducted into the proportion of above ground biomass that is a result 
of foliage. Maxted (2002) discovered 15% of total above ground biomass was the result of 
foliage in Salix caprea x cineria x viminalis (the same parentage as CAL used in this study). 
Klang-Westin and Eriksson (2003) reported a range of 17 - 37% of total above ground 
biomass attributable to foliage in taxa of Salix viminalis. Kurth Perttu (pers. comm. ) cited by 
Greger and Landberg (1997) reported 30% of total above ground biomass in the foliage. A 
recent Scandinavian study (Perttu 2002) reports 25% (+/- 10%) of above ground biomass is 
derived from foliage. Therefore a conservative leaf weight ratio (LWR) estimate of 20% 
was adopted for the present study, based on the literature cited, when extrapolating and 
calculating total leaf metal concentrations in Salix. Whilst consistent with other studies, 
these figures have been obtained predominantly from Salix v1minalis and there are likely to 
be morphological differences amongst taxa that will affect the proportion of leaf biomass. 
Studies on the biomass of Populus foliage are also rare. A recent study by Pellis et al. 
(2004) examined 17 poplar taxa and calculated leaf weight ratios (LWR) based on field 
sampling. These ranged from 31 - 44%. The LWR for TRI was 36%, and this figure has 
been adopted for extrapolation in this study. No direct measurement was made for GHY, 
although assessments were made for 3 Populus deltoides x nigra taxa, the same parentage as 
GuIY, and ranged between 32 - 35°u. A mean value of 33° 0 has been used as the I_WR for 
GHY in this study. 
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7.4 Harvesting Systems 
Leaves accumulate more metals towards the end of the growing season prior to leaf 
senescence (Baker 1981; Vandecasteele et al. 2002). It may therefore be possible to harvest 
the trees before senescence occurs and remove metals contained within the foliage. 
Alternatively it may be beneficial to allow leaf senescence to occur and harvest the stems 
and sequestered metals using a more traditional harvesting technique. Some leaf loss is 
inevitable in intervening years between harvests and during the growth season. The 
advantage of harvesting trees with leaves intact is balanced by the fact that the harvest may 
occur before stems have completed their full annual growth, although additional secondary 
growth may occur if stems are harvested in July or August. Table 7.2 examines the 
advantages and disadvantages of these different coppicing regimes. Some of the technical 
aspects are discussed later in this chapter. 
Table 7.2. Summary of advantages and disadvantages of different coppicing regimes to 
maximize metal removal 
Stems only Stems and Leaves 
" Easier harvest using 
traditional means " Greater metal removal 
" Less precision and overall 
containment required " Less metal dispersed into Advantages 
" Easier post-harvest the environment 
processing " Potential for secondary 
" Allows less frequent growth 
harvesting cycles 
" May not achieve full 
season yield 
" Total metal offtake is less 
" Difficult to time harvest 
Disadvantages " More metal dispersion into 
Conventional harvesting 
techniques may be difficult 
the environment Drying, storage and 
processing made difficult 
by foliage 
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Extrapolations in the present chapter are used to quantify: 
" Actual and theoretical uptake from plots using field data (Table 7.3 ), comparing 
species mixes used in the field trails with theoretical extrapolations based on the 
future use of monoclonal plots. 
0A wider appreciation and investigation into models to predict total removal over the 
lifetime of the crop. 
Table 7.3. Field measured parameters used for extrapolation and prediction of metal 
removal over the lifecycle of a crop. 
Foliar metal levels from Year 2 (1St full growing season) 
Foliar metal levels from Year 3 (2nd full growing season) 
Stem metal levels from Year 3 (2 full years of growth) 
Total stem biomass - from 2 years growth. Calculations using this data show: 
" ODT ha -1 yr' giving annulised yield figures 
" Biomass of foliage (utilizing figures in section 7.3 
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7.5 Models of Uptake 
Figure 7.1 shows how these data have been used to derive estimates and extrapolations of the 
metals removed during the study. The worked example in Figure 7.1 is for CAL uptake of 
Cd on CRM 1, but the same equation is applied to subsequent calculations showing metal 
fluxes to and from the soil. In this example, concentrations have been extrapolated to show 
uptake based on field data scaled to 1 ha. 
Figure 7.1 Model used for extrapolations of total metal removed and returned to the soil 
Time Soil Input Soil Output (Plant extraction 
ft 4W 
ý\1 
Year 0 
Cutback Stems 
(no foliage data 
(establishment 
is quantified in 
and cut back) this study) 
Foliar metal 
conc x foliar 1 Y 
JJ ear weight (F 1) _ Polier 1 
i. ` 11.1 g Cd 
2 li F ar o 
`- 
} 
Foliar metal 
conc. xfolwt 
(F2) 17.8g Cd 
Year 2 
Stem 2 Stem metal conc 
x ODT stem wt 
_ (S2) 43.7g Cd 
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Footnote to Table 7.1 
Year 0- cutting back stems will produce additional metal removal from the system. It is 
unlikely that foliage will also be harvested as initial cutting back must be carried out in the 
dormant season to prevent secondary growth. However, biomass yield for cutbacks in this 
study were extremely low and are unlikely to form a significant part of metal extraction. 
Year 1- leaf fall at the end of the 1 S` full growing season will return metals in the leaves to 
the soil. 
Year 2- If harvesting is timed correctly then leaves and stems will be removed. 
Thus the equation for removal of Cd in grams in a2 year harvest based on growing I ha of 
CAL on CRM 1 is: 
(F1 + F2 + S2) - F1 = 62g (total Cd removed) 
Equation 7.1. Example of individual element removal under optimum 2 year harvest 
conditions 
Where 
F1= Foliar metal concentration in Year 1 (subsequently returned so soil through leaf fall) 
F2 = Foliar metal concentration in Year 1 (removed in Year 2 harvest) 
S2 = Stem metal concentration in Year 2 (removed in Year 2 harvest) 
Equation 7.1 can be modified to allow for repeated harvesting, plus additional extraction 
from Year 0 cutbacks (CSt) and extracting the root bole at the end of the crops lifespan (Rt). 
The total lifespan of a crop ranges from 15 - 30 years. A 20 year cycle (10 x2 year 
rotations) has been adopted for this equation, although the number of repeated 
harvests that 
will prove most viable or sustainable on broww, nfield 
land is presently unknown. 
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These additional parameters can therefore be considered and amended to Equation 7.1 as 
follows, to allow calculation of long term extrapolated uptake: 
CSt = Cutback stems (Year 0) total metal concentration 
Rt = Root Biomass total metal concentration 
10(F2 + S2) + CSt + Rt 
Equation 7.2. Total theoretical metal removal over a 20 year (10 x2 year harvest) 
timeframe 
No data were collected during this experiment on either biomass of the root system, or metal 
concentrations in the roots. Only a handful of other studies have investigated root dynamics 
and have estimated that roots could extract a significant amount of metals, if not it is likely 
the roots would be removed to prevent remobilization of stored elements within it. 
Values for species yield and metal uptake per plot have been averaged. Leaf biomass for 
Salix taxa is estimated at 20% and Populus at 33% (GHY) or 36% (TRI) (Section 7.3). No 
previous experimental work or literature review could be found that provided a leaf biomass 
value for, Alnus, Betula or Larix species and no field testing was conducted in the present 
study. Leaf uptake calculations have therefore not been formulated for these species. 
The extrapolation models were applied used for a selection of contrasting sites, and data is 
presented for Merton Bank 3 (MER3), Cromdale Grove I (CRM 1) and Fazakerley 2 (FAZ2). 
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7.6 Results 
Figures 7.2 to 7.4 show the amount of metal contaminant each species would remove in 
above ground biomass if planted alone on lha and harvested after 2 full years of growth, in 
line with practices used in the present study. 
The amount of contaminant removed was split into 3 groups: 
1. Foliar 1 (F 1) - The amount removed in the 1 S` full growing season, and that will be 
lost in leaf senescence and is therefore shown as a negative figure 
2. Foliar 2 (F2) - The amount contained in the foliage after the 2 "d full growing season. 
This quantity will be removed if harvesting occurs when the leaves are still on the 
tree. 
3. Stem 2 (S2) - The amount contained within the stem after 2 growing seasons. This 
quantity will be removed irrespective of harvesting regime. 
The calculations used to derive these values are discussed in section 7.5. 
Figures 7.2 - 7.4 also show uptake results had the same species mix used in the experimental 
plots been planted on I ha, and can be used as a baseline comparison. Further calculations 
made in tables 7.4 - 7.6 also use the same parameters described above. 
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Figure 7.2. Cromdale Grove 1 (CRMI) foliar and stem extrapolated uptake figures for 5 
metals (g ha') after a2 year harvest 
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Figure 7.3. Merton Bank 3(MER3) foliar and stem extrapolated uptake frgures. for 5 metals 
(g ha-1) after a2 year harvest 
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Figure 7.4. Fazakerley 2 (FAZ2) foliar and stem extrapolated uptake figures for 5 metals (g 
ha-1) after a2 year harvest 
nb. The extrapolation for FAZ 2 is based on assessment of the plot as a whole, and not as separate treatments 
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ALN BET CAL CLS GER GHY ORM TOR TRI LAR Spp Mix 
Species 
7.6.1 Cromdale Grove (Fig 7.2) 
CLS, ORM and TOR were the most efficient at removing Cd (100 - 125g), followed closely 
by TRI with just under 100g of Cd removed. Compared to other taxa, TOR and TRI both 
contain a significantly larger proportion of Cd in their leaves. TRI accumulated the largest 
quantities of Zn (over 14kg), but 75% of this was located in foliage (Table 7.4). CLS and 
GER both accumulated over 10kg of zinc, although large proportions were also located in 
foliage. Although total zinc accumulation was reduced in ORM to 8kg, almost 6kg was 
located in the stem and a similar trait could be observed in Cd and Cu uptake of this taxa. 
GER was able to remove most Cu and Ni into the stem. A large amount of Ni uptake for all 
species was into the foliage. 
7.6.2 Merton Bank 3 (Fig 7.3) 
CAL was able to accumulate increased concentrations of Cd (25g total, 20g in stem) and 
high Zn (2000g), reflecting an overall lower concentration of these elements in the soil, and 
therefore lower uptake. Zinc uptake was, similarly to other sites, dominated by TRI but still 
with a 75% proportion in the leaves, a pattern that was repeated in Cu uptake for this taxa. 
Copper uptake was most pronounced in CLS, with 90% of the 200g total located in the stem. 
ALN also made a significant impact by accumulating 160g Cu, in the stem, although no 
foliar data was extrapolated for this species. Although seemingly insignificant, LAR was 
able to remove 50g of Cu into the stem on limited biomass due to poor survival. Nickel and 
lead concentrations are very low and dominated by foliage uptake. Arsenic removal 
is very 
low for all species, although it was not possible to quantify and extrapolate 
LAR foliage. 
which had the highest concentrations of As (sec Chapter 5). 
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7.6.3 Fazakerley 2 (Fig 7.4) 
CAL accumulated significantly more Cd than any other species or taxa, with approximately 
580g in total of which 420g was in the stem. All Salix taxa showed excellent removal of Cd 
on this site, predominately into stem tissue. A similar pattern was repeated with Zn. and 
CAL followed by TOR being the most effective at uptake. Both Populus taxa exhibited the 
lowest concentrations of Cd, Zn and Cu uptake, possibly reflecting their general poor growth 
on this site. Similar assumptions could be made for ALN, no longer exhibiting 
comparatively high Cu uptake as on previous sites. CLS and TOR were the greatest 
accumulators of copper, and all Salix taxa showed 80-90% of Cu located in the stem GER 
was the only variety to accumulate possibly significant amounts of Ni into the stem, although 
very low. 
7.7 Metal Uptake Partitioning 
If an alternative strategy of harvesting after leaf fall in Year 2 is adopted (Tables 7.4 - 7.6), it 
is possible to examine the percentage of the total amount of metals that will be lost due to 
leaf senescence. Nickel and Lead have been omitted due to unrealistic targets for extraction 
processes. 
Table 7.4. Extrapolated uptake figures for Cromdale Grove 1 (CRMI) showing total metal 
uptake after 2 years (F1 +F2+S2) and percentage of this amount lost in Year 1 foliage (Fl) 
and Year I+ Year 2 , 
foliage (Fl +F2). 
Cd Cu Zn 
Total Uptake % lost % lost Total Uptake % lost °o lost Total Uptake % lost % lost 
g/ ha / 2yr F1 F1+F2 g/ ha / 2yr F1 F1+F2 g/ 
ha / 2yr F1 F1+F2 
CAL 73 15 33 248 14 78 8866 23 58 
CLS 140 9 39 547 17 67 13755 16 51 
GER 94 6 24 692 10 56 12034 10 51 
GHY 47 22 63 282 28 58 6755 25 84 
ORM 120 16 38 612 18 79 10817 21 
44 
TOR 114 10 38 550 14 86 10709 
21 66 
TRI 93 0 69 363 31 78 16209 
8 71 
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Table 7.5. Extrapolated uptake figures for Merton Bank 3 showing total metal uptake after 2 
years (F1 +F2+S2) and percentage of this amount lost in Year ]foliage (F]) and Year I+ 
Year 2 foliage (F] +F2). 
Cd Cu Zn 
Total Uptake % lost % lost Total Uptake % lost °/o lost Total Uptake % lost % lost 
g/ ha / 2yr F1 F1+F2 g/ ha / 2yr F1 F1+F2 g/ ha / 2yr F1 F1+F2 
CAL 28 9 30 109 6 22 2232 19 55 
CLS 14 28 52 235 17 31 1847 40 74 
GER 13 13 34 114 15 30 1755 21 55 
GHY 18 26 57 195 24 47 2785 34 76 
ORM 2 100 100 21 100 100 703 100 100 
TOR 10 30 100 154 16 34 2135 23 64 
TRI 21 8 42 252 28 70 3492 11 75 
Table 7.6. Extrapolated uptake figures for Fazakerley 2 (FAZ2) showing total metal uptake 
after 2 years (F1 +F2+S2) and percentage of this amount lost in Year I foliage (Fl) and 
Year 1+ Year 2 foliage (F] +F2). 
Cd Cu Zn 
Total Uptake % lost % lost Total Uptake % lost % lost Total Uptake % lost % lost 
g/ ha / 2yr F1 F1+F2 g/ ha / 2yr F1 F1+F2 g/ ha / 2yr F1 F1+F2 
CAL 635 11 31 311 6 20 12292 23 50 
C LS 458 12 38 531 10 23 7297 18 52 
GER 331 18 43 331 10 18 6874 22 55 
GHY 129 27 50 225 21 45 3634 28 67 
ORM 282 13 37 315 17 34 6606 16 54 
TOR 394 10 35 415 12 23 7955 7 45 
TRI 220 22 56 178 34 70 5804 23 77 
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7.8 Long term models 
By using the longer term equation, 10(F2 + S2) + CSt + Rt (Equation 7.2), we can make a 
prediction for the total metal removed by a crop over its lifespan, in this case a period of 20 
years. This is shown in Tables 7.7 - 7.9 for the same taxa and sites as described previously 
in this chapter. Year 0 cutback stem total metal concentrations (CSt) and root bole total 
metal concentrations (Rt) are omitted from these calculations as no data was collected for 
these parameters in the present study. 
Table 7.7. Total net metal removal for Cromdale Grove 1 (CRMI), 1O(F2 + S2) over a 20 
year crop lifespan (kg ha-1) 
Cu Ni Pb Zn 
Species 
Mix 0.62 2.78 0.70 0.28 67.40 
CAL 0.62 2.14 0.60 0.16 68.23 
CLS 1.28 4.55 0.93 0.45 115.64 
GER 0.88 6.24 1.26 0.45 108.68 
GHY 0.37 2.04 1.20 0.39 50.83 
ORM 1.01 5.02 0.72 0.28 85.13 
TOR 1.03 4.76 0.99 0.35 84.86 
TRI 0.92 2.52 1.27 0.70 149.66 
Table 7.8. Total net metal removal for Merton Bank 3 (MER3), 10(F2 + S2) over a 20 year 
crop lifespan (kg ha-') 
Cd Cu Ni Pb Zn 
Species 0 09 1.09 0.15 0.10 11.51 Mix . 
CAL 0.25 1.03 0.21 0.12 18.00 
CLS 0.10 1.96 0.19 0.12 11.05 
GER 0.11 0.97 0.16 0.15 13.85 
GHY 0.14 1.48 0.29 0.22 18.37 
ORM 0.00 0.00 0.00 0.00 0.00 
TOR 0.07 1.30 0.12 0.11 16.41 
TRI 0.19 1.82 0.39 0.26 31.07 
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Table 7.9. Total net metal removal for Fazakerley 2 (FAZ2), 10(F2 + S2) over a 20 year 
crop lifespan (kg ha-1) 
Cd Cu Ni Pb Zn 
Species 
Mix 2 02 2.03 0.34 0.26 40.46 
CAL 5.62 2.91 0.10 0.77 94.41 
CLS 4.01 4.79 0.38 0.53 59.88 
GER 2.70 2.97 1.32 0.25 53.66 
GHY 0.94 1.78 0.43 0.18 26.26 
ORM 2.47 2.61 0.35 0.18 55.61 
TOR 3.53 3.65 0.40 0.26 73.65 
TRI 1.73 1.18 0.25 0.39 44.50 
The values in Tables 7.7 - 7.9 rely heavily on the assumptions listed at the start of this 
chapter, and therefore may contain errors that will exacerbated over time. If stem only 
harvesting were adopted then the figures would be reduced by the percentages shown in 
Tables 7.4 - 7.6. However, it may be that these are conservative figures, as biomass yields 
usually increase with subsequent harvests given sufficient site conditions (Chapter 6). In 
addition the values calculated are for stem and foliar uptake at time of harvest only and do 
not include root or stem cutback uptake, which are discussed in more detail later in this 
chapter. 
7.9 Metal removal rates 
Based on the yields and uptake figures above it is possible to calculate the time it would take 
to reduce the contamination levels in a predefined volume or depth of soil. These 
calculations include the additional assumptions of a constant bulk density of 1 and use of an 
average soil concentration figure for each plot, as well as the assumptions listed in Table 7.1. 
Figures 7.5 - 7.7 show metal removal rates 
for the 3 example plots examined previously in 
this chapter. 
Chapter 7 -- Predictive Uptake 
Models 249 
Figure 7.5. Prediction of metal removal from top 10cm and top 30cm of soil on Cromdale 
Grove 1. Dashed vertical bars indicate likely lifetime of a crop (20-30years) and 
concentrations on the right hand axis represent actual soil metal concentration onsite. 
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Figure 7.6. Prediction of metal removal from top 10cm and top 30cm of soil on . 
lferton 
Bank 3 vertical bars indicate likely lifetime of a crop (20-30years) and concentrations on the 
right hand axis represent actual soil metal concentration onsite. 
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Figure 7.7. Prediction of metal removal from top 10cm and top 30cm of soil on Fazakerley 
2. Dashed vertical bars indicate likely lifetime of a crop (20-30years) and concentrations on 
the right hand axis represent actual soil metal concentration onsite. 
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Figure 7.7 (cont'd) Prediction of metal removal from top 10cm and top 30cm of soil on Cromdalc 
Grove 1. Dashed vertical bars indicate likely lifetime of a crop (20-30years) and concentrations on 
the right hand axis represent actual soil metal concentration onsite. 
FAZ 2 Zn 1 0cm 
100 
Y 80 
rn 
E 
c 0 
60 
U 
C 
C 
N 40 
N 
C_ 
C 
.4 
20 
100 
cm 
- 80 cm E 
60 
c N 40 
.ä u) c 
w 20 
'' 272 
10 20 30 40 50 60 70 80 90 100 
Years 
o+ 
0 
FAZ 2 Zn 30cm 
o+ 
0 
- ý- Spp Mix 
-ý CAL 
t CLS 
-v- GER 
-ý GHY 
-ý- ORM 
-f- TOR 
-O- TRI 
172 
172 
272 
10 20 30 40 50 60 70 80 90 100 
Years 
Chapter 7- Predicti\ e Uptake Models 
Calculations are based on total soil metal reductions (as opposed to EDTA or CaC12 
extractable), as total extractions are currently used in practical risk assessment and statutory 
guidance. These figures are useful to consider the possible time taken to remediate an area 
of contaminated land to suitable soil concentrations. 
Copper removal was slow on all sites, and well outside any realistic timeframe for clean up, 
although rates are increased at higher concentrations such as FAZ 2, however this still 
translates into 100 years for a 20ppm reduction. 
Zinc removal was substantial, especially at high soil concentrations. However, at lower soil 
concentrations, removal slows suggesting that removal may slow gradually as soil 
concentrations fall. TRI exhibited the quickest clean up rate on MER and CRM, taking just 
20 years to remove 150ppm Zn from 10cm soil on CRM and 30ppm in the same time period 
on MER 3 where Zn soil concentrations were almost half. However, much of the Zn in TRI 
was contained within the foliage (71-77%, Tables 7.4 to 7.6) and caution should be adopted 
in these extraction figures unless foliage can be harvested intact. Other taxa showed high 
accumulation rates, CAL and TOR can reduce Zn by 100pm in 20-25 years on FAZ 2 within 
the top 10cm of soil. 
Concentrations of Cd can be reduced quickly, and changes in just a few ppm can alter the 
contamination status of the land dramatically (Chapter 4). For example, a reduction of just 
3ppm on FAZ 2 for Cd in the top 10cm could remove the site from a statutory definition of 
being contaminated. Figure 7.6 shows this could be possible in just 10 years. Cadmium was 
only examined at FAZ 2 as other plots showed very low Cd soil concentrations. 
On FAZ 2 
the average soil concentration was 6mg kg"'. According to the extrapolations 
CAL and CLS 
can remove all soil Cd from the top 10cm in the 
20-30 year lifespan of the crop. A larger, 
more realistic depth of soil using the same taxa could reduce the 
Cd content of the soil in the 
top 30cm by 2-3ppm over the same 20-30 year timeframe. 
Chapter 7- Predictive Uptake Models 
254 
7.9.1 Root biomass and other uptake mechanisms 
No empirical measurements of root biomass or root metal concentration were carried out in 
the present study. Root uptake of metals is known to be a major sink in relation to metal 
extraction and mobility. Although roots cannot be harvested on a cyclical basis they may 
collect large quantities of metals within their tissues, rhizosphere or adjacent soil over the 
lifetime of a crop. Roots can account for a large biomass proportion of a functioning 
coppice system, Rytter (1999) proposed that the below ground portion can contribute up to 
50% of annual net primary productivity in Salix. 
Studies have attempted to assess root biomass of Salix and Populus, but little firm data exist, 
favoring assessments of rooting habits such as depth and root type. Crow and Houston 
(2004) found an average of 80% (range 75% - 95%) of Salix and Populus roots counted were 
in the top 36cm of soil, corresponding with the ploughed Ap soil horizon. Furthermore 80% 
of these were fine roots of less than 2mm diameter. Rytter (1997) reported similar findings, 
90% of root biomass in 4 year Salix stools occurred in the top 30cm of soil, however, 
maximum rooting depth can stretch from 1.5m in 2 year old poplars to 5m in 4 year old trees 
(Friend et al. 1991). 
Root: Shoot ratios change quickly with time given the constantly fluctuating biomass of the 
above ground parts of the tree, and are considerably larger in the early years after planting or 
coppicing in Saliv (Volk et al. 2001). Spacing of plants also affects root biomass, at denser 
spacing individual Salix plant root biomass is greatly reduced, although on a per area basis 
the results are very similar, between 3.72 - 4.71 Mg ha-' (Volk et al. 2001). 
The large proportion of fine root systems allows for maximum rhizosphere interaction and 
may help to accumulate increased metal quantities. Given that roots account 
for such a lame 
proportion of total biomass. it may be an essential prerequisite, or at the 
least prudent to 
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remove the root bole at the end of the lifespan of the crop. This would maximize the metals 
extracted and prevent re-mobilisation of metals into the environment if root material is 
simply ploughed or milled and allowed to decompose in-situ. Removal of the root bole 
would be a relatively simple operation and would be necessary if there was a move to an 
alternative land use. 
Additional biomass and metals will be removed in the Year 0 cutbacks, although this would 
seem to be relatively insignificant. Biomass harvested at Year 0 on CRM 1 would only 
account for 4-6.5% of biomass harvested per hectare per year after 2 full growth seasons 
7.10 Disposal Technologies 
If phytoextraction is to be successful then careful consideration must be given to the 
processing and ultimately disposal of plant material that may contain high concentrations of 
toxic metals. This critical step in a successful remediation scheme is frequently overlooked. 
Garbisu and Alkorta (2001), Mulligan et al. (2001) and Sas-Nowosielska et al. (2004) all 
review specific disposal technologies and examine the current technology status, the key 
points of which are summarised below. 
Sas-Nowosielska et al. (2004) describes a two-step process for harvested material containing 
metals; initially a bulk reduction phase followed by a disposal phase. Bulk reduction 
pretreatment to reduce crop volume and water content is essential (Blaylock and Huang 
1999), improving technical parameters of the material and lowering transportation costs for 
off site processing. Composting may reduce biomass by 25% 
in the case of forbs and 
grasses (Hetland et al. 2001), although it was found the process may enhance solubility of 
metals (in this case Pb). Plant uptake systems that 
have used assisted extraction using EDT: 
or other chclates may produce very mobile metal concentrations 
in composting (Sarret et al. 
2001). Those without added chemical extraction have shown that zinc within foliage 
is 
present in water soluble forams (Zhao et at 
2000), requiring careful containment of nmaterials 
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and leachate if composting is to be used. In Salix and Populus a large proportion of the 
material is woody biomass and will not compost quickly, although large reductions in water 
content will be possible and composting of leaves is likely to reduce volumes. 
Compacting is another pretreatment option (Blaylock and Huang 1999) and has similar 
advantages as for composting although the process should be quicker, however there is little 
field data on this process. 
Pyrolysis decomposes material under anaerobic conditions at moderate temperatures, 
forming pyrolytic gas or liquid oil (in fast pyrolysis) and coke or char (Bridgwater et al. 
1999). The gas or oil can be used as a fuel and the coke, containing metals in a reduced 
volume for secondary disposal. Recent work by Koppolu et al. (2003) shows that 98.5% of 
metals are retained in the char and there are no emissions to air as the process is entirely 
hemetic. Final disposal can be carried out by incineration, smelting or ashing. Smelting is 
feasible but requires a suitable nearby plant. 
Ashing has received most attention, Hetland et al. (2001) co-fired lead contaminated 
biomass with coal, reducing the biomass by 90% and partitioning lead into the ash. Systems 
have tentatively been suggested to recover metals from the ash (Garbisu and Alkorta 2001). 
Although more data on combustion systems and ash recycling is needed, recent EU studies 
such as BIORENEW (Riddell-Black 2002) have examined these topics. Metals such as Cd, 
Pb and Zn can be recovered in fly ash, reducing their concentration in bottom ash which can 
then be applied to future crops as a fertilizer, creating a sustainable system (Riddell-Black 
2002), although As and Cu concentrations in bottom ash remain high. Using contaminated 
biomass sources is therefore possible, but requires careful consideration and management. If 
used in co-combustion with other dirty fuels such as coal or municipal solid waste (MSW) 
the metal loading in biomass is unlikely to cause a problem. Technologies such as flue gas 
cleaning are in place to capture contaminants from dirty fuels and ashes 
from such facilities, 
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usually high in metals, are disposed in controlled practices. Current UK policy in 
conventionally fired power stations promotes co-combustion of other fuel sources, including 
biomass (ENDS 2003). If used as a sole fuel source however consideration must be given to 
appropriate cleaning and filtering technologies at the plant (Riddell-Black 2002). Other 
disposal options include direct disposal at a hazardous waste landfill or other disposal 
facility, which is likely to be as expensive and unsustainable. 
Recent lab scale experiments of liquid extraction techniques using chelating agents have 
shown to remove 98.5% of Pb from biomass using liquid chelators (Hetland et al. 2001), 
although a production scale model has yet to be demonstrated (Mulligan et al. 2001). 
Removing metals in woody biomass may have advantages over other plant material. Woody 
materials will not leach metals easily and are easier to handle although will represent higher 
volumes for disposal. Foliage with high metal content may be a problem and requires 
suitable containment if composted. 
After the failure of the UK's largest commercial biomass power station, domestic interest in 
energy crops diminished in the late 1990's. However, a recent government policy change 
now places biomass power firmly up the agenda (DTI 2004) with ambitious targets of 
between 9-12% of the UK electricity supply from biomass by 2050 (ENDS 2004). A report 
as part of a recent DTI review ascertained that crop yields need to improve by 30% to be 
commercially viable (i. e. with no subsidy). Many growers of energy crops believe this is 
achievable. A sustainable system based on series of 2MW local power gcncration facilities 
requiring about 1,000ha of crops each per year could be feasible. In addition the report 
emphasizes that energy crops can only be economically viable on set aside land compared to 
other traditional agricultural crop returns (LEK Consulting 2004). Brownfield and 
derelict 
land can also be classed as set-aside, although may require additional cultivation. 
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Co-firing of biomass and other non fossil fuel products with traditional coal is becoming 
more common, under national obligations for renewable energy and international obligations 
for CO2 emissions reduction (DTI 2003). On a local scale the main coal fired power station 
in the Merseyside area has been co-combusting 10% non fossil fuels for some time and is 
seeking to expand this operation (ENDS 2003). 
7.11 Conclusions 
There are many factors that differ within individual plots, such as soil depth, pH, fertility and 
metal concentration that will ultimately have an effect on the rate of biomass growth and the 
amount of metal translocated to above ground portions of the tree. Earlier chapters have 
demonstrated that these variables can change rapidly within a small area (Chapter 4). For 
these reasons it is not possible to select a species or taxa that consistently achieves high 
uptake rates across all plots. Although long term data are not yet available it may be 
possible to use field trials and methods similar to those used in this experiment to test a 
variety of species in-situ with a view to a wider planting and remediation plan. Given 
optimum planting and harvesting times it may be possible to assess uptake, growth and 
survival rates for species within 2.5 years, before committing to full scale planting. 
Earlier harvesting to capture foliage would be technically possible, although no field data are 
yet available to support this. Harvesting would have to be carried out using a stick harvester 
and not an in-situ chipper, as leaves would block this device (Ian Tubby, pers. comm. 
Suitable containment methods would be required to prevent leaf dispersal into the wider 
environment, especially if using trees such as Populus TRI where 
between 70-80% of Zn or 
Cu removal may be located in the foliage. If this cannot 
be achieved, or if the area is 
particularly sensitive to ecological metal input, then species that retain 
large amounts of 
metals in the stem that cannot be readily re-dispersed 
into the environment should be 
selected. 
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Volumes of leaf material could be reduced via composting if suitable collection systems 
were in place to capture contaminated leachate. This process could also be used to remove 
water from the stems prior to final disposal. Recent UK policy suggests there is a strong 
argument for co-combusting biomass that may be contaminated with traditional dirty fuels, 
thereby contributing to renewable energy targets and allowing a safe disposal system. It 
would seem there is a demand for such a product if the economic viability can be achieved. 
This may be possible with increases in planting density to increase yield. This experiment 
was planted at a rate of approximately 13,333 plants per ha, to satisfy experimental design 
requirements. Planting densities of similar species grown commercially are now possible at 
111,000 plants per ha to achieve maximum yield benefits, although rates of between 15,000 
and 20,000 would seem to be the most beneficial with economic considerations (Bullard et 
al. 2002). 
The interaction of metals with tree roots is a key element that has not been addressed in this 
experiment and should be investigated in future work. 
The most noticeable overall trend is that trees are able to remove substantial and significant 
quantities of Cd and Zn. Cd removal would seem feasible in an acceptable timeframe, for 
low value brownfield land. This corroborates other experiments where timescales such as 
33 
years (Vervaeke et al. 2003) have been proposed in order to reduce 
Cd to acceptable 
concentrations. Cu extraction is slow, reflecting a higher 
Zn uptake and exclusion of Cu and 
also low mobility of Cu in plants irrespective of source (Nissen and 
Lepp 1997). 
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The Community Forest Initiative has pioneered new approaches to managing land in and 
around urban areas, with half the population of England living within easy reach of a 
Community Forest (The Countryside Agency 2003). During the first 15 years of this 
programme, a large proportion of the expansion of a wooded landscape has been directed 
towards derelict, underused and neglected land, especially in The Mersey Forest region. 
Regeneration via reforestation of brownfield and potentially contaminated land has become 
central to improving the community forest resource and contributing to successful economic 
regeneration of run down areas (NWDA 2003). At the same time drivers for the expansion 
of biomass crops for renewable energy and carbon sequestration have also emerged (Cannell 
2003; DTI 2004). New UK statutory guidance on contaminated land has focused attention 
on contaminated land assessment and management; the use of trees for phytoremediation has 
shown promise in this area. All these factors combined suggest the need for better 
understanding to address contamination issues associated with planting trees on brownfield 
land. 
Phytoremediation has been extensively promoted as a reclamation tool but previously there 
has been limited field demonstration on brownfield land with low-level and varied 
contamination histories. Many of these sites are within urban landscapes and require 
attention to manage contamination risk, regenerate or utilise the area as a community 
resource. Investigations into the nature of brownfield sites and their interactions with trees 
(e. g. detailed soil contaminant mapping, consideration of appropriate guidelines, yield and 
uptake measurements) have been inadequate. Those that do exist have not been carried out 
in a real-time, field-scale and multi-site environments. 
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In the present study, the importance of detailed site investigations was demonstrated. 
Considerable variation of contaminant type and concentration was typical between sites but 
also significant within sites. A heterogeneous dispersion of metals, with clearly defined 
hotspots, was found on most sites in the present study. Brownfield land probably differs in 
this respect to many sites where previous studies have been carried out, for example on 
sludge-amended agricultural land. The identification of hotspots allows targeted assessment 
and remediation of soil contamination. 
Contaminated land guidance is problematic and inadequate in the context of tree planting 
and community forestry. Previous guidance, such as ICRCL (formally withdrawn since 
2002), provides a conservative indication of phytotoxicity (Dickinson et al. 2000). 
Currently, there is no practical guidance available for phytotoxicity threshold concentrations. 
Assessment of contaminated land is driven by risk based guidance (CLEA) that considers 
primarily risks to human health and controlled waters. Within the current CLEA framework 
there is no amenity land use defined in the risk assessment process, although research is 
underway to better define an amenity exposure scenario. Therefore conservative soil 
guideline values (SGVs) based on residential uses have to be applied where public access is 
required. The current study shows this will not always be appropriate using the one size fits 
all methodology currently available. Trees are unlikely to increase risks on heavy metal 
contaminated land and could be used to break source, pathway, receptor contaminant 
linkages, via dense planting on contaminated hotspots to stop ingestion or contact with soils, 
or to stabilize exposed substrates. 
Risk assessment is a complex and continually developing issue. In an increasingly litigious 
society the onus will be on the site developer to prove that no risks to 
human health are 
present for community forestry schemes. Further research 
into the relationship between 
people, contaminated land and tree planting is required, via site specific models utilizing 
data 
on metal mobility within soil and plants that 
has been gained from this study 
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Key goals must be addressed and considered early in the design and planning of brownfield 
remediation. In the context of community forestry, there is an opportunity (i) to use trees to 
stabilise contamination (for example of As and Pb) or (ii) to use Salix to extract metal and 
reduce soil metal concentration (particularly of Cd and Zn). 
All Salix taxa used in the present study accumulated a range of heavy metals in differing 
quantities, with Cd and Zn uptake most significant and broadly correlated with soil 
concentrations. Other studies have reached similar conclusions (Pulford et al. 2002; 
Vandecasteele et al. 2002; Klang-Westin and Eriksson 2003). Cd and Zn were accumulated 
to significant concentrations in above ground biomass, even when there were. very low levels 
present in the soil. CAL and GER exhibited the greatest concentration factors for Cd, 
approximately 7-9 times soil EDTA concentration could be accumulated in the stem and 9- 
13 times in foliage from soils with very low concentrations of Cd. Pb was not absorbed into 
the aerial parts of trees despite elevated soil concentrations. Larch was able to accumulate 
Arsenic at ten times the rate of other species, but not at significant concentrations for 
phytoextraction. 
Significant relationships were identified between stem and foliar concentrations of Cd and 
Zn, illustrating the mobility of these metals within trees. Correlations were found between 
Cd in Salix stem and foliage with r2 values between 0.92 - 0.98 in individual taxa and r2 of 
0.88 when data on all Salix taxa was pooled. If consistent, these results could have 
implications for non destructive measurement of stem metal concentrations by using foliar 
values to predict stem concentrations. 
Similar patterns were evident when correlating soil metal concentrations with stem metal 
concentrations for Cd and Zn. EDTA and total soil extractions of 
Cd and Zn showed some 
relationships with stem concentrations, which were more pronounced 
for Cd. In this case a 
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relationship between soil Cd concentration and stem Cd concentration was found for a range 
of sites. This too may allow future non-destructive predictions of metal uptake based on soil 
concentrations. 
Non coppice species used such as Alder, Birch and Larch may have some potential for 
phytoremediation and biomass production schemes. Alnus and Larix both accumulated Cu at 
greater quantities than some Salix taxa, with an average stem concentration of 20 mg kg-' 
and 55 mg kg"' respectively. Growth of birch and larch were negatively impacted by 
competition from surrounding Salix and Populus species that grew considerably faster, 
however Alnus competed effectively, producing elevated biomass yields. Utilising non 
coppice species such as these may have considerable advantages for biodiversity of SRC 
stands and protection of Salix from rusts and other diseases able to thrive in monoclonal 
environments. The penalty paid for low biomass of birch and larch may be offset by 
prevention of Salix mortality due to disease. 
Planting trees did not increase in EDTA-extractable (bioavailable) metals in soil after three 
growing seasons. This has considerable relevance to risk management modeling. In some 
situations there was evidence that soil metal concentrations were actually reduced during the 
period of study. Whilst both EDTA and CaCI2 soil extractants were used, EDTA proved a 
more useful extractant for a wider range of metals. CaCl2 may more accurately represent 
actual soil conditions, but at low soil metal concentrations 
frequently encountered on 
brownfield sites, recoveries were too low to be detected by routine laboratory techniques, 
thus proving difficult to generate meaningful quantitative results 
for comparison. More 
accurate techniques are being proposed to examine soil 
bioavailable metals, such as DGT 
(Song et al. 2004), but the use of EDTA was an efficient and valid representation of 
different 
contaminants when dealing with large numbers of samples 
from varied sites. 
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Attention to correct field preparation, planting and maintenance on brownfield and 
contaminated sites resulted in an average of only 10% mortality for most coppice species in 
the establishment year, rising to little over 20% after 3 growing seasons. Vandalism was not 
a serious problem at most sites. Willows reacted well to coppicing, but poplar did not, 
suggesting better management may be to leave them longer before cutting back in this part of 
the UK. Biomass yields of most willow species were comparable to those grown on 
agricultural land and several sites produced yields above the economic threshold for 
commercial cultivation of 10 odt ha' yr'. Intensive site preparation is required for short- 
rotation coppice, but this is less demanding than for agricultural crops and is demonstrated in 
the present study to be feasible with appropriate aftercare. Brownfield sites are frequently 
highly fertile, but fertilisation and irrigation may be required to maintain high yields over a 
full 20 - 25 year lifecycle of an SRC crop. Biomass production varied with site and species, 
but average yields from the best performing willows were up to 13 odt hä-' yr-', making 
commercial profitability a serious consideration on 50% of the sites studied. Willows 
yielded more then Poplar; but Alder biomass production also proved significant, producing a 
maximum of 8 odt ha-' yr', the same as the best performing poplar, TRI. 
Overall, biomass yields were favorable, but it is uncertain if they can be sustained over the 
lifetime of a crop due to soil nutrient depletion. The use of fertilizers or other amendments 
could be used to increase yield further and may be required later in the crop lifecycle to 
maintain production. In the present study sewage cake, correctly applied, produced an 
increase in yield of 70-80 % in some SRC species over non amended soils. Conversely 
incorrectly applied amendments may reduce yields due to loss of soil structure and 
watterlogging. 
The Sali taxa CAL and GER exhibited lower biomass yields than other Salis taxa, but also 
showed lower mortality and high concentration 
factors. Other taxa with increased yields and 
lower concentration factors were able to accumulate similar quantities of 
Zn and Cd on sites 
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when considered using a mass balance model. This study reinforces findings of Pulford et 
al. (2002) that it is crucial to consider not only innate metal uptake ability, but also biomass 
yield and species mortality to generate an accurate assessment of metal removal in the long 
term. 
Metal uptake into stem and foliage, biomass yield and species mortality field data collected 
over three growing seasons has not previously been available for brownfield sites. Collation 
and extrapolation of these data suggest that enough Cd and Zn can be removed to make 
phytoextraction feasible in the longer term. These metals could be removed in substantial 
quantities to significantly lower concentrations of metals in hotspots. This would require (i) 
continued uptake of metals into plant tissues over a longer period of years, (ii) harvest of 
plant in late summer prior to leaf fall. Significant metal uptake can be lost through foliage, 
especially for Zn with over 50% lost in 2 years if leaves are allowed to fall, especially in 
some Populus species due to their increased leaf biomass. Additional removal of metals 
through harvest of the root bole on completion of the remediation process would probably 
contribute to further reduction. 
Further extrapolation of field data can be used to predict total metal removal over the 
lifetime of a crop, in this case 20 to 30 years. The best site / species combinations could 
theoretically accumulate 5.5kg of Cd and 150kg Zn per hectare over 20 years, translating to a 
reduction of 6ppm Cd and 150ppm Zn in soil. 
The Cd removal is potentially more 
significant as changes of just lppm in soil concentrations can alter 
the statutory designation 
of contamination. 
Tree planting is a useful long term remediation tool on 
brownfield land contaminated with 
low, but elevated soil concentrations. This study 
has demonstrated that it is feasible to grow 
trees on brownfield, contaminated sites 
for a range of end uses. including community 
forestry, biomass production and phv toremediation. 
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